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ABSTRACT OF THE DISSERTATION
Mechanics and Modeling of Postnatal Arterial Development in Mouse Models of Varying Elastin
By
Jeffrey K. Cheng
Doctor of Philosophy in Biomedical Engineering
Washington University in St. Louis, 2013
Professor Robert P. Mecham, Chair

Proper arterial function requires a specific composition of extracellular matrix (ECM)
proteins to produce a vessel with the right mechanical properties. Closed circulatory systems
driven by a beating heart have pulsatile flow, requiring the large elastic arteries to have the
ability to distend and recoil to dampen the pulsatile output. This unique ability is made possible
by elastin in the ECM that imparts elastic behavior to the artery. Genetic mutations that affect
the amount and organization of elastin result in congenital cardiovascular defects that lead to
lifelong cardiovascular complications. In order to devise proper treatments we must understand
how development is affected due to impaired artery structure and function.
The goal of this dissertation is to test constitutive models against developmental data
from genetic mouse models of impaired elastin production to investigate relationships between
mechanical function and changes in ECM quantity and identify improvements that could be
made in future modeling efforts. A fiber-based microstructural constitutive model was fitted to
experimental mechanical data from wild-type (WT) and Eln+/- mice, which have reduced
elastin. The model parameters were found to change with age and genotype in a fashion that
correlated with protein quantification data for elastin and collagen. The model also predicted
collagen fibers would change orientation with age. To investigate this, a new method for
visualizing and quantifying collagen fiber reorientation using conventional confocal light
microscopy was developed. Collagen fibers were found to be organized largely in two
ix

distributions of angles, and differences in fiber orientation were found between WT and Eln+/mice. A transgenic mouse (hBAC-mNULL) with even less elastin than Eln+/- showed altered
arterial development consistent with pathological responses to hypertension. Ascending aortas
were found to have increased thickness and were stiffer during mechanical testing. The
constitutive model did not fit the hBAC-mNULL data as well, suggesting that improvements are
needed to the model to predict the mechanical behavior of arteries subjected to pathological
development. To summarize, this dissertation has shown that fiber-based microstructural
modeling is a useful tool for identifying structural and mechanical changes in developing
arteries with reduced elastin.

x

1. Introduction
1.1 Motivation and Project Scope
Proper arterial function requires a specific composition of extracellular matrix (ECM)
proteins to produce a vessel with the right mechanical properties. Closed circulatory systems
driven by a beating heart have pulsatile flow, requiring the large elastic arteries to have the
ability to distend and recoil to dampen the pulsatile output. This unique ability is made possible
by elastin in the ECM that imparts elastic behavior to the artery. Genetic mutations that affect
the amount and organization of elastin result in congenital cardiovascular defects that lead to
lifelong cardiovascular complications. In order to devise proper treatments we must understand
how development is affected due to impaired artery structure and function. To design better
bioengineered vessel replacements or vascular implants, especially for younger patients who
are still growing, we must understand the mechanical properties of functioning vessels.
The goal of this dissertation is to test constitutive models against genetic mouse models of
Impaired elastin production to investigate relationships between mechanical function and
changes in ECM quantity and identify improvements that could be made in future modeling
efforts. Predictions made by the model are verified by investigating the structural arrangement
of vascular collagen. As an animal model of pathological developmental remodeling, a third
genetic mouse model is characterized and fitted to a constitutive model for comparison to
normal and adaptive mouse models.

1.2 Dissertation Synopsis
A summary of the current state of knowledge for the role of extracellular matrix play in
arterial growth and development is presented in chapter 2. The summary will discuss the role
the extracellular matrix plays in determining arterial structure, function, and development.
Genetic diseases affecting the vasculature related to ECM deficiency will also be discussed, with
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a focus on animal models and what we learned from these animal models of human disease.
Methods for determining collagen organization will also be covered. The summary then moves
into a discussion of vascular hemodynamics in development, and how mechanical forces are
known to affect arterial growth and development. Finally, a brief history of blood vessel
constitutive modeling is discussed with a focus on recent developments in producing models
that are motivated by increased understanding of the in-vivo structural organization of arteries.
Chapter 3 presents the results of fitting a fiber-based microstructural constitutive model to
inflation-extension mechanical data gathered from ascending aorta and left common carotids
of mice. The model is fit to mechanical data gathered from mice ranging from 3 to 30 days after
birth, capturing the postnatal development phase of mice. It is also verified by quantifying
elastin and collagen during this developmental period. Both wild-type and elastin deficient mice
are compared. Chapter 4 investigates the modeling results found in chapter 3 to see if collagen
orientation changes with age or elastin deficiency. Wild-type (WT) and elastin heterozygous
(Eln+/-) mice were stretched and pressurized to simulate in-vivo conditions and collagen fibers
were imaged using confocal microscopy and a collagen binding protein as a marker. Chapter 5
studies a third mouse model (hBAC-mNULL) of further reduced elastin and pathological
developmental remodeling. Inflation-extension tests were performed to characterize and
compare the mechanical properties of hBAC-mNULL mice to WT and Eln+/-, and experimental
results were fit to the same microstructural constitutive model. A summary of this
dissertation’s results and limitations, as well as future directions for research, can be found in
chapter 6.

2

2. Review of Related Literature and the State of Research

2.1 ECM in Arterial Structure and Development
The extracellular matrix (ECM) is a collection of fibrous proteins and polysaccharides
that fill the intercellular spaces and comprise the basement membrane to produce a rigid
framework for maintaining shape of tissue. It is important during growth and development for
creating an environment that fosters proper cell growth, maturation, and proper tissue
function. Through a specific combination of matrix proteins, the ECM fulfills a diverse set of
roles including structural support, aiding cell adhesion and migration, and regulating
intercellular communication. Disruption in the amount or timing of matrix protein synthesis
adversely affects vision, cardiovascular health, connective tissue integrity, and skeletal
formation (Francke and Furthmayr 1994; Pyeritz 2000; Callewaert, Renard et al. 2011). Timely
synthesis of matrix proteins in correct amounts is critical for proper development of the load
bearing tissues in the body such as the large elastic arteries. Elastin deficiency in the
vasculature is associated with increased arterial stiffness and stenosis that can lead to age
related cardiovascular illness later in life.
In the vascular system large arteries serve as conducting and storage vessels for blood
flow. Vertebrates, with their closed circulatory system and higher blood pressures, require the
large arteries to store energy and dampen the pulsatile flow induced by a beating heart. This
action was named the windkessel effect and serves to decrease the load on the heart and
dampen fluctuations in blood pressure for downstream tissues (Dobrin 1978). This action is
made possible by a specialized ECM consisting of collagen and elastin that is produced by the
smooth muscle cells (SMCs) as they are recruited to the medial arterial wall.
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Figure 1 Developmental fate map for vascular smooth muscle cells. Colored areas represent
different embryonic origins for the smooth muscle cells found in that part of the vascular tree.
(Majesky 2007)

It is not well understood exactly how the vascular SMCs are recruited into the medial
wall where they form characteristic circumferential layers of ECM and cells found in large
elastic arteries. As shown in figure 1, fate-mapping studies have shown that vascular SMC
progenitors in the large arteries come from multiple embryonic origins. Cells from the
secondary heart field contribute to the aortic root, neural crest populates the aortic arch and
carotid arteries, somites become the descending aorta, and splanchnic mesoderm contribute to
the abdominal aorta (Majesky 2007). Recent evidence suggests that vascular SMC progenitor
cells remain in the adventitia as a source of new SMCs for later synthesis and repair of the
vessel wall (Majesky, Dong et al. 2011). This progenitor population is thought to be maintained
through a combination of epigenetic signals and interactions with the surrounding ECM.
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Regardless of how the SMCs arrive at the medial arterial wall, a SMC progenitor
population becomes established shortly after the onset of embryonic heart activity. A complete
vascular loop is formed in the mouse by embryonic day 8 (E8) followed by the beating of the
embryonic heart. At E8.5 circulation is established and erythroblasts originating from a
structure known as the blood islands enter circulation (Lucitti, Jones et al. 2007). By this point,
the first vascular network, called the primary capillary plexus, undergoes a series of repeated
vessel sprouting and regression steps to transform into a branching structure. Vascular SMC
progenitors then infiltrate the vessel walls and begin to proliferate in the medial layers
(Majesky, Dong et al. 2011). Next the vascular network becomes increasingly organized into a
specific branching pattern. Separation of the aorta and pulmonary artery occurs around E13.5
(Vuillemin and Pexieder 1989), and a definitive vascular pattern is established by E14 (Effmann,
Whitman et al. 1986). Other animal models follow the same vasculogenesis blueprint, but with
different timing (Pardanaud, Altmann et al. 1987; Baldessari and Mione 2008).

Figure 2 Systolic pressure and cardiac output versus age (A), median normalized values for
elastin and type 1 collagen expression (B), and sum of the median normalized expression
profiles for type 1 collagen and elastin (C) in mice during development. There is a rapid increase
in hemodynamic factors concurrent with high expression of elastin and collagen. (Wagenseil
and Mecham 2009)
After the establishment of a defined vascular pattern and a vascular SMC population,
arterial remodeling continues with significant changes in vessel geometry resulting in structural
changes that differentiate arteries, veins, and capillaries. Large-scale gene expression analysis
5

on descending thoracic and abdominal mouse aortas using oligonucleotide microarrays from
E14 to 6 months of age identified several major patterns for ECM gene expression (Kelleher,
McLean et al. 2004; McLean, Mecham et al. 2005). The most notable pattern included a major
increase in ECM protein expression beginning at E14 and continuing through the first 7-14 days
after birth. Afterward expression decreases over 2-3 months to low levels that persist into
adulthood. The expression pattern for elastin and collagen, along with accompanying
hemodynamic changes during this period, is shown in Figure 2. Baseline expression of elastin in
the adult is essentially zero, so proper production and organization of elastin during this
perinatal development period is critical.

Figure 3 Immunofluorescence micrograph of E17 mouse aorta shows the intima (I), media (M),
and adventitia (A), of the arterial wall. Sections through the wall were stained with elastin
antibody (green) and flk, a marker for endothelial cells (red). At the right side of the image
shows a nearby vein (V) and small artery (Ar). Scale bar = 100 µm. (Wagenseil and Mecham
2009)
Large arteries have a unique microstructure consisting of three regions through the
vessel wall: the tunica intima, the tunica media, and the adventitia (Figure 3). The tunica intima
is the layer closest to the vessel lumen and consists of a basal lamina produced by endothelial
cells supported by the internal elastic lamina and fibrous connecting tissue consisting of elastin,
6

fibrillin microfibrils and collagen fibers (Gerrity and Cliff 1972; Schwartz and Benditt 1972; Davis
1993). The tunica media is organized into layers of alternating vascular SMCs and elastin sheets
called elastic lamellae, shown in Figure 4 (Davis 1993). The number of layers is established
during vascular SMC recruitment and remains fixed through adulthood. The adventitia is the
outermost layer, and is largely composed of collagen and myofibroblasts (Karrer 1961;
Stenmark, Davie et al. 2006). It is believed to prevent rupture of the vessel at high pressures
(Burton 1954). During postnatal development, vessel length, diameter, and wall thickness
increase through ECM production by the vascular SMC population to achieve the necessary
mechanical properties for proper artery function in the adult animal. Two of the most
important structural ECM proteins produced by the vascular SMCs are elastin and collagen. A
deficiency in the amount or organization of these critical ECM proteins due to disease often
results in lifelong cardiovascular complications.

Figure 4 Electron micrograph of a human aorta in cross-section showing elastic lamella, with
the lumen side toward the top of the image. The bottom panel shows elastin network after cells
and other material has been removed by autoclaving. Scale bar = 20 µm. (Wagenseil and
Mecham 2009)
7

2.2 Elastin in Developmental Diseases
Aside from the smooth muscle cells, the ECM proteins elastin and collagen make up a
majority of the vessel wall of large arteries by volume. Elastin imparts elasticity to the arteries,
allowing them to distend and serve as a blood reservoir during diastole in an action called the
windkessel effect (Dobrin 1978). It is a protein that is unique to organisms with closed
circulatory systems and found only in vertebrates (Sage and Gray 1979). In most animals it is
controlled by a single gene (Eln), and the majority of arterial elastin is organized into multiple
circumferential sheets called lamellar units (Wagenseil and Mecham 2009). A comparison of
aorta from multiple mammalian species showed that wall tension per lamellar unit remained
constant (Wolinsky and Glagov 1967). Species with higher blood pressure showed increased
elastin lamellar units. Elastin has a long half-life and because Eln expression is negligible in
adulthood, it is no longer produced in mature individuals. Thus, producing sufficient elastin
during development is critical for proper artery formation.
Deficiency in elastin results in two major developmental disease classes. Loss of function
mutations lead to supravalvular aortic stenosis (SVAS), which predominantly affects large
arteries. The cardiovascular phenotype includes hypertension, aortic stenosis, increased arterial
stiffness, and eventual cardiac failure and death if left untreated (Aboulhosn and Child 2006).
SVAS can be an isolated case brought on by loss of function mutations in the elastin gene (Li,
Toland et al. 1997) or as a component of William’s Syndrome, which is caused by a deletion of a
contiguous region of genes that includes the elastin gene (Osborne, Martindale et al. 1996).
Lifelong hypertension carries an increased risk of stroke, heart attacks, heart failure, and
aneurysms (Chobanian, Bakris et al. 2003). The other major elastin-related disease is the
autosomal dominant form of cutis laxa, which mostly affects the skin. There is loss,
fragmentation, and severe disorganization of elastin fibers that result in loose and sagging skin
(Callewaert, Renard et al. 2011). Abnormalities in the cardiovascular system have also been
reported, although these changes are rare (Szabo, Crepeau et al. 2006). Understanding
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developmental differences stemming from elastin deficiency is essential for treatment and
prevention of hereditary disease like SVAS and William’s Syndrome.

2.3 Elastin-Deficient Animal Models
Much of what we understand about elastin deficiency in development has been learned
through animal studies. Complete inactivation of elastin by knocking out the Eln gene results in
a perinatal lethal phenotype. Elastin knockout mice (Eln-/-) die within a few days of birth from
subendothelial cell proliferation starting from E17.5 that eventually occludes the vessel lumen
(Li, Brooke et al. 1998). Elastin heterozygous mice (Eln+/-) serve as convenient animal models
for SVAS, as they recapitulate much of the arterial and hemodynamic phenotypes associated
with the disease. These animals have half as much elastin compared to wild-type mice (WT) and
have chronic hypertension, increased arterial stiffness, and smaller vessels with no impact on
lifespan. (Faury, Pezet et al. 2003; Wagenseil, Nerurkar et al. 2005). Elastic lamellae are thinner
and more disrupted compared to WT as shown in Figure 5. However, the similarity with clinical
SVAS is not complete as they only have mild cardiac hypertrophy and lack the typical hourglasslike stenosis in the ascending aorta that is common in humans.

9

Figure 5 Electron micrograph of the proximal ascending aorta in WT, Eln+/-, and Eln-/- mice.
The adventitia is at the top of the image. Eln+/- aorta have thinner lamellae and show
additional layers near the adventitia (arrow), while Eln-/- shows a complete lack of elastin with
additional SMC disorganization near the lumen (arrow). Scale bar = 11 µm. (Wagenseil, Ciliberto
et al. 2009)

Studying the hemodynamics of these mouse models during postnatal development
shows an increase in arterial stiffness that precedes changes in blood pressure and arterial
morphology. Left ventricular pressure in Eln-/- mice is double that of WT at birth, and vessels
are already significantly stiffer by E18 (Wagenseil, Ciliberto et al. 2009; Wagenseil, Ciliberto et
al. 2010). Similarly, in Eln+/- mice significantly increased arterial stiffness was found by P7, but
systolic blood pressure was not significantly higher until P14 (Le, Knutsen et al. 2011). Eln+/mice show increased lamellar units in large elastic arteries that arise at the medial-adventitial
boundary (Wagenseil, Ciliberto et al. 2009). This is near the region of the adventitia that
10

contains SMC progenitor cells (Passman, Dong et al. 2008). The lack of a pathological
remodeling response associated with hypertension suggests that the mice are able to adapt to
a higher baseline pressure.
Further reductions in elastin show a dose-dependent response to elastin deficiency with
regard to vascular development. A transgenic mouse (hBAC-mNULL) with even less elastin than
Eln+/- was created by rescuing the lethal phenotype of the Eln-/- mouse through the
introduction of the human elastin gene contained in a bacterial artificial chromosome (BAC).
This mouse has approximately 30% arterial elastin compared to WT and shows increased
severity of vascular complications compared to Eln+/- mice with reduced survival rates and life
expectancy (Hirano, Knutsen et al. 2007). Arteries from hBAC-mNULL mice have thin and
discontinuous elastic lamellae, elevated collagen content, further increased blood pressure, and
increased heart weights. Unloaded vessel thickness was also significantly increased, in contrast
to Eln+/- arteries that had no difference compared to WT (Wagenseil, Nerurkar et al. 2005;
Hirano, Knutsen et al. 2007). This suggests a difference in remodeling response to elastin
insufficiency, with Eln+/- mice able to adapt and survive and hBAC-mNULL mice succumbing to
pathological remodeling pathways that reduce survival outcomes.

2.4 Adventitial Collagen Organization and Methods for Visualization
Adventitial collagen is the ECM component that gives arteries their strength and ability to
resist loads at high pressures while contributing little during normal loading. It was reported
that less than 10% of collagen fibers are engaged at physiological pressure (Greenwald, Moore
et al. 1997). Collagen in the large elastic arteries is predominantly located in the adventitia, the
outer most layer of the vessel wall. The majority of collagens found in the artery are the fibrillar
collagens, with types I and III mainly responsible for load-bearing function (Wagenseil and
Mecham 2009). Though the specific distribution of collagen types and their location within the
arterial wall can vary along the vascular tree, the large elastic arteries like the ascending aorta
mostly have collagens I and III in the adventitia (Howard and Macarak 1989).
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Because of the anisotropic behavior of collagen, its organization in-vivo will highly affect
arterial stress-strain response. Previous research investigating the structural organization of
collagen in blood vessels has employed a number of techniques that will be briefly summarized.
One method uses SALS (small angle light scattering) to measure collagen organization in
histological sections, but is limited to qualitative assessments of collagen network structure.
This was further developed into a quantitative method to determine the degree of alignment in
collagen networks seen in histological sections (Ferdman and Yannas 1993). Quantitative SALS
was used to measure collagen organization in planar slices of tissues under various stretch and
found fibers to change alignment based on stretch (Billiar and Sacks 1997). Experiments using a
custom developed device showed a 1 degree resolution for collagen fiber orientation in tissue
samples up to 500 µm in thickness (Sacks, Smith et al. 1997). SALS has subsequently been used
to characterize collagen orientation in tissue engineered scaffolds (Engelmayr Jr, Papworth et
al. 2006), planar sections of tissues (Billiar and Sacks 1997; Liao, Yang et al. 2005), and to assess
the effect of strain-directed preferential degradation of collagen in cornea (Robitaille, Zareian
et al. 2011). However, SALS is limited in its ability to assess collagen alignment in whole tissue.
Another method is based on polarized light microscopy (Hilbert, Sword et al. 1996), which
provides qualitative assessment of collagen crimping in tissue. Further developments in this
technique attempt to provide quantitative analysis (Geday, Kaminsky et al. 2000). This method
was further expanded to be able to image tissue during mechanical loading (Tower, Neidert et
al. 2002). Further expansion of PLM involved using a modified confocal microscope with a
rotating analyzer and lock-in detection to obtain images where the image contrast corresponds
to retardance and orientation of a birefringent specimen (Massoumian, Juškaitis et al. 2003).
More recently there has been much success in using laser scanning microscopy (LSM) to
directly measure collagen fiber orientation. LSM allows for non-destructive analysis of image
volume data. Imaging of the collagen fibers can be used with a conventional confocal laserscanning microscope with the aid of a collagen-specific contrasting agent (Jor, Nielsen et al.
2011) or by using second harmonic generation (SHG) from multi-photon microscopy to visualize
collagen (Zoumi, Yeh et al. 2002). Confocal microscopy was successfully used in a structural
analysis of the collagen network of rat myocardium through reconstruction of a 3D volume by
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repeatedly sectioning and scanning a block from the left ventricular wall (Young, Legrice et al.
1998). Though image registration via a commercial package was used for the analysis, it
required extensive manual interaction and relied on images obtained from a fixed and
sectioned specimen. SHG has since been widely used to study arterial collagen organization
under various loading conditions in mice (Megens, Reitsma et al. 2007), pigs (Zoumi, Lu et al.
2004), rabbit (Hill, Duan et al. 2012), and bovine (Arkill, Moger et al. 2010) without requiring a
collagen-specific antibody or probe. It has been used to assess collagen orientation in mouse
models of dysfunctional elastin fiber formation (Wan, Yanagisawa et al. 2010). One drawback to
SHG is the need for expensive multiphoton lasers that are generally only available in core
imaging centers. Additionally, many multiphoton microscopes are configured in the upright
configuration, which requires a liquid immersion objective and limits imaging flexibility.
There is limited structural information regarding the organization of collagen fibrils in
large arteries, particularly through development. Prior research has focused on smaller arteries
of the brain (Canham, Finlay et al. 1991; Finlay, McCullough et al. 1995; Finlay, Whittaker et al.
1998) in an effort to understand the mechanisms aneurysm progression. One recent study
quantified collagen orientation in adult human aortas and common iliac arteries (Schriefl,
Zeindlinger et al. 2012). They found that adventitial collagen was mostly organized into two
“families” of fibers arranged symmetrical about the long axis of the artery. However, there still
remains the question of whether collagen fiber orientation changes during development and
whether congenital disorders that alter mechanical function of the vascular ECM alters collagen
fiber orientation.

2.5 Vascular Hemodynamics & Development
It is important to recognize that all of the above remodeling events occur in the
presence of mechanical forces. In blood vessels the most relevant stresses are circumferential
wall stress, shear stress, and axial stress. Most of the attention in the literature has been placed
on the effects of circumferential and shear stresses as these two quantities are directly affected
by changes in blood pressure and flow, two quantities that are easily measured in a clinical
13

setting. Once the heart begins beating and blood circulation occurs, the vessels are subjected to
a variety of mechanical input such as shear stress from blood flow and blood pressure
fluctuations from the beating of the heart.
The relationship between the mechanical forces and development of blood vessels was
introduced over a hundred years ago by Thoma (1893), who postulated that blood flow
regulates vessel diameter, blood pressure regulates vessel diameter, and axial tension dictates
vessel length. Changes in these mechanical factors due to disease can be counteracted by
changes in vessel geometry to maintain constant stresses experienced by cells in the vessel
wall. These effects have been well-studied in adult animals where it is relatively easy to perturb
the steady state values of these factors and observe changes. However in developing organisms
it is difficult to study because these factors are constantly changing. Understanding how
mechanical stimuli affect and modify the remodeling process is critical to design appropriate
medical treatments for diseases that affect vascular development.

2.5.1 Blood Flow
Early observations on the impact of blood flow on vascular remodeling in the tail of frog
larvae by Clark showed vessel regression in those with little or no blood flow (Clark 1918).
While capillary development starts before the onset of blood flow, further development is
arrested when blood flow is halted by removal of the heart (Chapman 1918). This was later
confirmed using genetic mouse models with disrupted heart contractility, which showed that
development arrested at the capillary plexus stage resulted in embryonic lethality at around
E10.5 (Wakimoto, Kobayashi et al. 2000; Huang, Sheikh et al. 2003; May, Stewart et al. 2004). A
similar observation was found in the chick yolk where halted blood flow arrested arterial-vein
differentiation (le Noble, Moyon et al. 2004). It was also found that altering blood flow in chick
yolk resulted in differential patterning of the arteries and veins. Lucitti et al. (Lucitti, Jones et al.
2007) showed that the remodeling response was not due to the delivery of oxygen and
nutrients that blood provides. This was achieved by preventing the entry of red blood cells into
circulation while introducing a starch into the plasma to simulate the viscosity of whole blood.
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This resulted in normal remodeling indicating that the primary signal is shear stress from the
viscous fluid and not the delivery of oxygen and nutrients via erythroblasts. At this stage in
development, the embryo is still small enough for oxygen and nutrient requirements to be met
through diffusion alone (Burggren 2004). Other studies have shown that disruption of oxygen
delivery via carbon monoxide did not result in lethality (Cirotto and Arangi 1989; Pelster and
Burggren 1996; Territo and Burggren 1998), supporting the hypothesis that blood flow at the
onset of circulation is for the purpose of molding the cardiovascular network so that oxygen
and nutrient transport is hemodynamically efficient by the time it is necessary.
It has been shown repeatedly that shear stress from fluid flow increases vascular
diameter. The relation between shear stress, flow, and vessel diameter is given by:



4Q
 ri 3

(1)

where τ is the shear stress, Q is the volumetric flow rate, μ is the fluid viscosity, and ri is the
inner radius of the vessel wall. The endothelial cells (ECs) of the intima are chiefly responsible
for sensing shear stress. If they are removed then there is no observed change in vessel
diameter in response to chronic changes in shear stress (Langille and Adamson 1981). Because
vessel radius has a tremendous effect on shear stress, it is the primary method in which cells of
the developing vessel can normalize shear stress. Increased shear results in increased
expression of vasodilators, while reduced shear correlates with increased expression of
vasoconstrictors. It is believed the ECs modify vessel diameter through nitric oxide (NO)
expression and altered levels of reactive oxygen species (ROS). While it is generally thought that
ECs are chiefly responsible for vessel changes in response to fluid flow, in vitro experiments
have also shown that vascular SMCs respond to changes in shear. Vascular SMCs have been
shown to orient perpendicular to the direction of fluid flow, which could explain their
circumferential orientation in the vessel wall (Lee, Graham et al. 2002). They also show altered
expression profiles in the presence of shear (Shi and Tarbell 2011), have affected proliferation
rates due to shear (Haga, Yamashita et al. 2003; Ekstrand, Razuvaev et al. 2010), and have
changed contractility due to shear (Civelek, Ainslie et al. 2002; Asada, Paszkowiak et al. 2005).
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While the role vascular SMCS play in fluid-flow influenced vessel remodeling is not well
understood, it is clear that they can sense and respond to it. They are not exposed directly to
blood flow in-vivo due to the endothelial cell layer, but there is interstitial flow through the
vessel wall because of pressure differences across the wall.

2.5.2 Blood pressure
Recruitment of mural cells into the vessel wall occurs as the blood pressure rises in the
embryo. During this time the pulmonary and systemic circulations are connected by the ductus
arteriosus. The ductus arteriosus closes after birth, resulting in blood pressure differences
between the aorta and pulmonary arteries. Despite carrying similar volumes of blood flow,
these two vessels begin to remodel differently in response to the difference in pressure. Initially
they have the same wall thickness, but the aorta wall thickens due to rising systemic blood
pressure while the pulmonary artery wall decreases from lowered pressures in the pulmonary
system (Leung, Glagov et al. 1977). Blood pressure and vessel wall thickness increase
simultaneously in systemic arteries (Gerrity and Cliff 1975). In the mouse embryo, blood
pressure is first measurable soon after the heart begins beating and circulation begins. From
E9.5 to E14.5, systolic left ventricular pressure increases from 2 to 11 mmHg (Ishiwata,
Nakazawa et al. 2003). This is the same time that vascular SMCs are recruited to the medial wall
and aortic wall thickness is increasing as more SMC layers are added. By E14 wall thickness
increases from the synthesis of ECM proteins elastin and collagen by SMCs. Late embryonic LV
pressures have been measured to increase from 10 mmHg at E18 to 25 mmHg at P1 during this
time (Wagenseil, Ciliberto et al. 2009; Wagenseil, Ciliberto et al. 2010).
Concurrent with increasing changes in blood pressure comes increasing circumferential
stretch and stress experienced by the SMCs. Circumferential stress is given by the equation:

 

Pri
ro  ri

(2)
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Where σθ is the circumferential stress, and ro and ri are the outer and inner vessel radii,
respectively. In vitro studies have shown that SMCs respond to circumferential stretch by
upregulating production of elastin (Sutcliffe and Davidson 1990), collagen (Durante, Liao et al.
2000), and other signaling molecules (Mills, Cohen et al. 1997; Katsumi, Milanini et al. 2002; Li,
Chen et al. 2003). Cyclic stretch has been shown to alter SMC proliferation, apoptosis, and SMC
marker expression through the Notch signaling pathway (Morrow, Scheller et al. 2005; Morrow,
Sweeney et al. 2005). Since Notch is an important regulator of vascular morphogenesis, cell
proliferation, and differentiation and maturation of vessel types, this suggests that cyclic
stretch may be an important stimulus of SMC differentiation in the arterial wall (Roca and
Adams 2007). Cyclic stretch has been shown to induce differentiation, however the specific
response depends highly on the type of substrate the cells are cultured on.

2.5.3 Axial Tension

Axial stress is given by the equation:

 

F
  ro  ri 2 

(3)

2

Where F is the total axial force, ro is the outer radius, and ri is the inner radius. Early
observations by Clark (1918) noted that increase in capillary length in any direction was the
same as the growth of the tail in that direction, suggesting that tension from the surrounding
tissue was determining vessel length. Later experiments in canine carotid arteries observed
orientation changes in arterial wall components as a result of axial prestretching (Cox 1975).
The mechanical behavior also changed depending on the axial stretch, changing from isotropic
at 70% stretch to anisotropic at shorter lengths (Dobrin 1986). An important observation was
made by van loon (1977) that arteries at their in-vivo stretch maintained constant axial force
with respect to changing internal pressure within the physiological range. This observation was
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confirmed later using rat carotid arteries (Weizsacker, Lambert et al. 1983). This observation
was important because it allowed for easy estimation of the in-vivo length during ex-vivo
testing, and indicated that organisms maintained constant axial stress in blood vessels at the invivo stretches. More recent studies showed that adult carotid arteries were highly responsive
to sustained changes in axial stretch, showing increased growth on the order of days. Sustained
axial stretching of rabbit carotid arteries resulted in longer unloaded length from a combination
of cell proliferation and ECM production (Jackson, Gotlieb et al. 2002). The same behavior was
observed in pig carotid arteries, where axial stretching above a certain threshold resulted in
increased unloaded lengths (Clerin, Nichol et al. 2003; Davis, Han et al. 2005). This is much
faster than changes in the circumferential direction, which are on the order of months
(Wolinsky 1970; Fridez, Zulliger et al. 2003). Conversely, reductions in axial stretching showed
changes in arterial remodeling activity, though the changes effects on arterial length are not as
clear (Jackson, Dajnowiec et al. 2005).

2.6 Constitutive Models of Arteries
Constitutive models are very useful in helping to understand the function of healthy and
diseased arteries in response to the dynamic natural environment. They provide a unique test
bed for potential therapeutic measures before they are implemented clinically. Models are also
useful in providing analytic results in cases where experimental testing is prohibitively difficult
and provides numerical targets for optimization of designing tissue-engineered constructs.
Studies like Niklason et al. (2010) have focused on how constitutive models provide results that
complement experimental pursuits in the field of tissue engineering. In the same way,
constitutive models can also aid in the planned design of long-term implantable devices. The
predictive capacity of a good constitutive model is also useful for determining disease
progression. With the increased emphasis on personalized medicine, constitutive models stand
to help improve diagnosis and predictions of disease progression within specific individuals.
This allows clinicians to devise personalized therapy at the individual level. Currently there has
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been much focus on the progression of arterial aneurysms using constitutive models (Kroon
and Holzapfel 2009; Watton and Hill 2009; Sheidaei, Hunley et al. 2011).
Development of arterial constitutive models requires certain assumptions on vessel
material behavior. Early experiments showed that arteries had nonlinear stress-strain relations,
were anisotropic with differing mechanical properties in different directions, and were
viscoelastic. Viscoelasticity meant the vessels exhibited creep, stress relaxation, and hysteresis
(different behavior during loading and unloading). The latter property was approximated in
models using multiple approaches, resulting in constitutive models being classified into several
types as reviewed by Vito & Dixon (2003). Pseudoelastic models represent vessel behavior using
separate equations for loading and unloading phases, randomly elastic models assume the
strain response for a given load lies on a defined curve, poroelastic models represent the vessel
wall as a fluid-filled porous medium, and viscoelastic models directly incorporate the timedependent responses to stress in the constitutive equations. The majority of constitutive
models developed for arterial mechanics have been pseudoelastic. While there are a few
notable exceptions (Wuyts, Vanhuyse et al. 1995; Xie, Zhou et al. 1995; Sokolis, Boudoulas et al.
2002), most models pursue the formulation of strain-energy density equations for its
convenience in representing the stress-strain relation as a single equation. Early pseudoelastic
models treated the vessel as a homogeneous hyperelastic material based on experimental data
from a preconditioned loading cycle (Fung 1993). Based on the work of earlier formulations
Chuong & Fung (1983) produced a seven-parameter exponential model that showed promising
fits to experimental data but was criticized for being overparameterized. Another model with a
logarithmic strain-energy density function by Takamizawa & Hayashi (1987) had a reduced
number of parameters, but had a propensity for producing physiologically irrelevant results.
Later efforts by (Chaudhry, Bukiet et al. 1997; Holzapfel and Weizsäcker 1998; Rachev and
Hayashi 1999; Humphrey and Na 2002) expanded on these classic exponential and logarithmic
functions by accounting for the microstructural organization of the artery and fitting to
additional experimental data.
Chaudhry et al. (1997) assumed the artery to be an orthotropic, homogeneous, and
incompressible thick-walled cylinder using the exponential form proposed by Chuong & Fung
19

and including residual stress and an added acceleration term. Using data collected from rabbit
thoracic arteries, they found that the inclusion of residual stress leads to a reduction in total
circumferential stress. Holzapfel & Weizsacker (1998) added a neo-Hookean equation to the
exponential function proposed by Chuong & Fung to model the isotropic and anisotropic
behavior of the vessel. They used a finite-element method to fit data from rat abdominal aorta
and found that their model captured the “biphasic” behavior of the vessel better than the
exponential function alone. Rachev & Hayashi (1999) modeled the artery as a thick-walled
orthotropic cylinder with the inclusion of vascular smooth muscle contraction, axial force, and
residual strain using the logarithmic function proposed by Takamizawa & Hayashi (1987) and an
additional equation for active stress contribution from smooth muscle cells. Fitting to
experimental data from rat thoracic arteries, they found a monotonic relationship between
increased opening angle and increased muscular tone. They also predicted that basal muscle
tone reduces the strain gradient across the vessel wall to produce a uniform stress distribution.
Humphrey & Na (2002) expanded the exponential function of Chuong & Fung (1983) to ten
parameters and included additional equations to account for shear stresses from blood flow,
dynamic vessel wall motion, active contribution from smooth muscle cells, perivascular
tethering, and residual stress. Fitting the model to previously published experimental data from
multiple animals, they found limited effects from dynamic wall motion and significant effects of
contractility on increasing circumferential stress. While models based on the classic exponential
or logarithmic strain-energy functions have been steadily increasing in complexity and found
increasing success in describing newly acquired experimental data, they have a tendency for
becoming over-parameterized and the strain-energy functions governing the basic stress-strain
behavior of the model were largely based on phenomenological observations of tissue behavior
without regard for the biological microstructure of the artery.
Based on previous work of modeling the artery as a combination of isotropic and
anisotropic materials, Holzapfel et al. (2000) proposed a new framework for modeling the
artery as a collection of directed anisotropic fibers (collagen) embedded in an isotropic material
(elastin). The model was initially proposed with two families of collagen fibers symmetrically
oriented at some angle to the circumferential direction. It was later extended to include
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viscoelastic effects (Holzapfel, Gasser et al. 2002), separate material properties for the media
and adventitia (Holzapfel, Gasser et al. 2004), collagen fiber angle dispersion (Holzapfel,
Sommer et al. 2005) and a combination of fiber angle dispersion and collagen fiber waviness
(Rodriguez, Ruiz et al. 2008). Other extensions of the fiber-family model include an increase in
the number of fiber families to four (angled fibers, plus circumferential and axial fibers), based
on multiphoton imaging of arterial collagen organization (Baek, Gleason et al. 2007). The fourfiber family model has been used to investigate differences in collagen fiber angles in arteries
from hypertensive pigs (Hu, Baek et al. 2007), mouse models of muscular dystrophy (Gleason,
Dye et al. 2008) and mouse models of Marfan syndrome (Eberth, Taucer et al. 2009). Additional
microstructural models have been developed that use a linear strain energy function for the
collagen fibers with a statistical distribution of collagen fiber waviness. The collagen shows
nonlinear behavior as more fibers transition from the wavy to the stretched state and begin to
contribute to the total tissue stress. However, these models generally assume a steady-state
wall composition with constant stress through the wall. It is important to remember that the
artery wall is not a static structure, but is in constant change from protein turnover, changes in
protein organization, and cell death, division and migration.
Other models have been proposed in order include the dynamics of growth and
remodeling during development. Rachev et al. (1996) used a global stress-dependent growth
model to investigate the dynamics of wall remodeling in response to changes in blood pressure
in adult arteries. This was later adapted for a two-layer model of the arterial wall to investigate
remodeling differences in the media and adventitia (Rachev 1997). Fridez et al. (2001) extended
Rachev’s model to include SMC contributions to the remodeling process. Tsamis and
Stergiopulos (2007) extended Rachev’s model to incorporate microstructurally-based strain
energy functions for the arterial wall components. Rodriguez et al. (1994) developed a general
stress-dependent growth law for soft tissues based on local growth instead of global growth.
The theory was implemented with nonlinear finite elements to investigate growth due to
altered flow and pressure in adult arteries (Rodríguez, Goicolea et al. 2007). The above
examples include global or local growth of the artery, but do not link the growth to any specific
wall component.
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Humphrey and Rajagopal (2002) developed a stress-dependent, constrained mixture
model in which the growth of individual wall components (elastin, collagen and SMCs) depends
on their individual stresses. The model includes stress-dependent turnover and natural
configurations for each component. Variations of this model have been applied to remodeling
in adult arteries caused by changes in flow (Humphrey and Rajagopal 2003; Gleason, Taber et
al. 2004), mean pressure (Gleason and Humphrey 2004), pulse pressure (Cardamone, Valentin
et al. 2010), spatial variations in wall components (Alford, Humphrey et al. 2008), and axial
extension (Valentin and Humphrey 2009). More recently, it was adapted and applied to
developing arteries by assuming geometric changes are stimulated by multiple step changes in
pressure, length and flow to normalize the stresses in each direction (Wagenseil 2011). It was
found that decoupling the geometric changes from the blood flow produced a much better
prediction than having active dilation of SMCs to normalize shear stress in response to blood
flow changes, indicating that developing arteries may have a different shear response than
adult arteries or that stress magnitude may not be the appropriate remodeling stimulus for
developing arteries. A major challenge in these models of growth and remodeling is
determining appropriate values for the required parameters. The models mentioned here
incorporate stress-dependent growth laws, while most in vitro experimental data depend on
stretch-dependent SMC reactions, hence there is a disconnect between the modeling
assumptions and the available experimental data. While other growth laws are possible, for
example stretch-dependent and stretch-rate dependent laws (Cowin 1996), numerous
morphologic experiments in embryonic tissues by Beloussov (1998) support the idea of stressdependent growth.
Most growth and remodeling studies focus on changes in stress from the steady-state,
homeostatic state in adult arteries. Growth and remodeling in developing arteries, that have
constantly changing stresses, is more complicated and has received limited attention in the
literature. Taber and Eggers (1996) used local, volumetric growth theory (Rodriguez, Hoger et
al. 1994) to predict growth of the rat aorta due to stresses from pressure increases starting with
the first heartbeat in the embryo, through maturity and applied hypertension. Assuming a
constant growth law throughout development, the authors were able to qualitatively
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reproduce experimental changes in arterial geometry. The model was later extended to include
the effects of shear stress from blood flow (Taber 1998) and exhibited more stable growth
behavior with less parameter sensitivity. The model has recently been refined (Taber 2008) to
include a hyper-restorative response such that the rate of growth depends on the difference
between the current and target stress and a stress overshoot is generated by allowing the
target stress to change at a rate proportional to the same stress difference. The hyperrestorative model captures experimental behavior of spreading, bending and invagination of a
whole embryo, but predicts unbounded growth for embryonic development of a pressurevessel such as an artery or heart. Taber (2009) found that the unbounded growth of a pressurevessel could be corrected by assuming that volumetric growth depends on stress rate, instead
of stress magnitude.

3 Microstructural Modeling of Normal and Adaptive Aortic Development in Mice

3.1 Introduction
Decreased elastin in mice with only one functional elastin gene (Eln+/-) yields a vascular
system with elevated blood pressure and increased arterial stiffness that is morphologically
distinct from wild-type mice (WT). Despite these differences, there is no appreciable effect on
life span and some mechanical properties are maintained constant. It is not understood how
the mouse modifies the normal developmental process to produce a functioning vascular
system with a deficiency in elastin. This chapter describes the use of a modified constitutive
model based on the fiber-based model proposed by Holzapfel (2000) to quantify changes in
mechanical properties of Eln+/- ascending aorta compared to wild-type through postnatal
development. The model was fit to data from inflation-extension experiments performed on
Eln+/- and WT ascending aorta and left common carotid arteries from various postnatal ages.
Constitutive models have previously been verified using experimental data from adult animals,
and it is difficult to experimentally isolate the contributions of individual ECM proteins to the
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mechanical properties of an intact vessel. This chapter begins with a description of the
experimental protocol used for mechanical testing and an overview of the fiber-based
constitutive model. Model predictions are compared to elastin and collagen protein amounts
during development and in WT versus Eln+/- aorta. Results show that changes in the
constitutive model parameter for elastin correlate with changes in elastin amounts through
development and in WT versus Eln+/- aorta. The model also predicts alterations in collagen
fiber orientation and mechanical behavior.

3.2 Materials and Methods
3.2.1 Experimental Protocol

Figure 6 Pressure myograph system used for mechanical testing of arteries. Sutures are used to
secure arteries onto metal cannulae in a bath of PSS which is connected to a pressure control
box that maintains lumen pressure. Axial length is controlled by a micrometer on the right.
Mechanical data for mouse ascending aortas were gathered using a pressure myograph
(Danish Myotechnology) using methods described previously (Wagenseil, Nerurkar et al. 2005;
Le, Knutsen et al. 2011). Male C57BL/6J WT and Eln+/- mice (Li, Faury et al. 1998) at
approximately postnatal day (P) 3, 7, 14, 21, 30 and 60 were used for mechanical testing. The
actual ranges for each age group after P3 were P7 – 8, P14 – 15, P21 – 24, P30 – 34 and P60 –
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64 (N = 5 – 10 for each age and genotype). All protocols were approved by the Institutional
Animal Care and Use Committee. Each aorta was excised and stored in physiologic saline
solution (PSS) for 0 – 3 days before testing (Amin, Kunkel et al. 2011). For testing, each artery
was mounted in the myograph using silk surgical suture onto specially machined metal cannula
(Figure 6). Lumen pressure, outer diameter, axial force and calculated axial stretch were
recorded for each protocol at 1 Hz. Axial stretch with respect to the unloaded configuration was
calculated based on the distance between the suture ties on the cannula. Mechanical testing
experiments were performed in PSS at 37° C. Three constant length inflation cycles and three
constant pressure axial stretch cycles were performed on each artery (Table 2).

Age
(days)

Average
systolic P
from Le et al.
(2011)
WT Eln+/-

Constant length inflation protocols:

Max P
(mmHg)

3

31

33

90

Wait
time
(sec)
8

Step P
(mmHg)

7

46

48

120

8

12

14

57

65

140

9

14

21

84

90

160

10

20

30

99

108

175

12

25

60

112

127

175

12

25

9

Typical
axial
stretch
1.1, 1.2,
1.3
1.1, 1.2,
1.3
1.1, 1.2,
1.3
1.1,
1.25, 1.4
1.1, 1.3,
1.5
1.1, 1.3,
1.5

Constant pressure
axial stretch
protocols:
P
(mmHg)
20, 40, 60

Typical
axial
stretch
1.0 – 1.2

25, 50, 75

1.0 – 1.2

30, 60, 90

1.0 – 1.2

40, 80,
120
50, 100,
150
50, 100,
150

1.0 – 1.3
1.0 – 1.3
1.0 – 1.3

PL and PH values
(mmHg) for
parameter fitting:
WT

Eln+/-

PL = 9
PH = 45
PL = 12
PH = 60
PL = 14
PH = 98
PL = 20
PH = 120
PL = 25
PH = 125
PL = 25
PH = 125

PL = 9
PH = 45
PL = 12
PH = 48
PL = 14
PH = 70
PL = 20
PH = 100
PL = 25
PH = 100
PL = 25
PH = 100

Table 1 Mechanical test protocols for different aged WT and Eln+/- specimens. For constant
length inflation cycles, the myograph system was programmed to cyclically inflate the aorta
three times from 0 mmHg to the maximum (max) pressure (P) in discrete pressure steps. For
constant pressure axial stretch cycles, the aorta was cyclically lengthened manually three times
from the same minimum and maximum axial stretches used in the inflation cycles by turning a
micrometer attached to one of the artery mounting rods at a constant rate of approximately 20
μm/sec. PL and PH values were used to constrain the elastin and collagen circumferential stress
contributions in the constitutive model for the “low” and “high” pressure regions.
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In the constant length inflation cycles, the aorta was held at a constant length and the
myograph system was programmed to cyclically inflate the aorta three times step-wise from 0
mmHg to a maximum of 90 – 175 mmHg, depending on age, at a rate of 1 – 2 mmHg/sec. The
rate is considerably slower than the physiologic loading rate of an adult mouse aorta (about 330
mmHg/sec for a 40 mmHg pulse pressure at 600 bpm), but soft biologic tissues are generally
insensitive to loading rates over about three orders of magnitude (Fung 1993). In the constant
pressure axial stretch cycles, the aorta was inflated to a constant pressure and cyclically
extended three times from near the in vivo stretch ratio to above the in vivo stretch ratio by
manually turning the micrometer (Figure 6) attached to one of the artery cannula at a rate of
approximately 20 μm/sec. The in vivo stretch ratio (Supplemental Table 1) was determined by
measuring the ratio of the in vivo and ex vivo lengths of each aorta from the base of the heart
to the innominate artery using images taken before and after excision. The constant pressure
and maximum stretch values varied with the age of the mouse. Due to experimental difficulties,
some aortas were subjected to more or less than six protocols, but parameter fitting was only
performed for aortas subjected to a minimum of five and a maximum of seven loading
protocols. After testing, the aorta was cut into rings approximately 0.2 mm thick and imaged to
measure the unloaded dimensions (Supplemental Table 1).

3.2.2 Geometric Assumptions and Stress Calculations
Assuming the aorta acts as an incompressible thin-walled cylinder with no shear, the
mean arterial wall stresses in the circumferential (   ) and axial (  zz ) direction can be
calculated from experimentally measured values using the relations:

  

Pri
,
ro  ri

(1)

 zz 

f  P ri 2
,
  ro 2  ri 2 

(2)
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where P is the internal pressure, f is the measured axial force, ri is the inner radius and ro is the
outer radius of the inflated aorta. The inner radius was not measured directly but was
calculated assuming constant volume (Faury, Maher et al. 1999):
 R 2  Ri 2 
ri  ro2   o
,
 z


(3)

where Ro and Ri are the inner and outer radii of the unloaded aorta, and λz is the axial stretch as
defined in Eqn. 11.
For an axisymmetric cylinder subjected to non-linear, large elastic deformation in the
absence of shear, the inflation and extension of the aorta can be described by the deformation
gradient (F), right Cauchy-Green strain (C), and the Green strain tensors (E):
[F]  diag r ,  , z  ,

(4)

[C]  diag r 2 ,  2 , z 2  ,

(5)

1
1
1

[E]  diag   r 2  1 ,   2  1 ,  z 2  1 ,
2
2
2


(6)

where λi are the stretch ratios in each direction (r = radial, θ = circumferential, and z = axial))
defined by:
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L

(7)

and r and R are the radii of the deformed and undeformed configurations, and l and L are the
axial lengths in the deformed and undeformed configurations.

3.2.3 Constitutive Model
Our fiber-based constitutive model is similar to a four fiber-family model that has been
used to compare the passive mechanical data from carotid arteries of WT mice to geneticallymodified mice with alterations in ECM proteins (Gleason, Dye et al. 2008; Eberth, Taucer et al.
2009; Wan, Yanagisawa et al. 2010). The original fiber-family model considered only two
collagen fiber-families, although with separate material properties for the medial and
adventitial layers (Holzapfel, Gasser et al. 2000). This was later extended to include axial and
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circumferential fibers to bring the total to four (Humphrey and Rajagopal 2002). The model
assumes a thin-walled cylinder as the vessel geometry. Any stress distribution through the wall
is not considered. We have reduced the number of collagen fiber-families from four
(circumferential, axial, and symmetrically angled with respect to the circumferential axis) to
three (symmetrically angled and circumferential fibers) to reduce the number of fitted
parameters. The motivation for the reduction in parameters is to focus on a set of parameters
that will be more directly relatable to physiological changes in the aortic wall and to decrease
the chance of obtaining non-unique parameter values. The symmetrically angled fibers share
the same material parameters and serve to model collagen fibers in the adventitia. We have
also included a passive smooth muscle cell (SMC) fiber-family oriented in the circumferential
direction that has been used to model SMC mechanics in human cerebral (Baek, Valentin et al.
2007) and mouse carotid arteries (Hansen, Wan et al. 2009). SMCs have a preferential
circumferential orientation in mammalian aortas (Clark and Glagov 1985). We assume that the
SMCs are completely passive during the mechanical tests, as similar tests on adult mouse
arteries after killing the SMCs with KCN showed no significant effects on the mechanical
behavior (Faury, Maher et al. 1999). We assume that the two collagen fiber-families and the
SMC fibers are embedded in an amorphous, isotropic matrix dominated by elastin. The total
stress is then assumed to be simply the sum of the stress from each of the three major
structural ECM components (elastin, collagen, and SMCs), and the strain of each component is
taken as simply the global strain for the vessel.
For an incompressible cylinder, the relevant principle stresses can be calculated as:

 ii  Fii 2

W
 p (not summed),
Eii

(8)

where i=r, θ, or z, and p is the Lagrange multiplier. Inflation and extension in the absence of
shear requires  r   rz    z  0 . The total strain energy function is represented by the sum of
the individual structural constituents elastin (e), collagen (c), and SMCs (m):
W  W e W c W m .

(9)

Elastin is modeled as an isotropic, neo-Hookean solid:
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We 

c1
 I1  3 ,
2

(10)

where c1 is a material parameter, and the first invariant is I1  r 2   2  z 2 .
Collagen is modeled as two fiber-families with exponential behavior:
c2  c3  I4k 12 
 1 ,
e

k 1 4c3 
2

Wc  

(11)

where c2 and c3 are material parameters and I4 is the fourth invariant for the kth fiber-family
as defined by
I 4k  C cos2  k   2C z sin  k  cos  k   Czz sin 2  k  .

(12)

where  represents the angle of the fibers in the unloaded configuration with respect to the
circumferential direction. It is assumed that the two collagen fiber families are oriented at
angles  . SMCs are modeled as a single, circumferentially oriented fiber-family with
exponential behavior:

Wm 





c4 c5  I4 12
e
1 ,
4c5

(13)

where c4 and c5 are material properties. I4 is the fourth invariant, as defined in Eqn. 16, for the
single SMC fiber family oriented at  = 0°.

3.2.4 Material Parameter Estimation
The material parameters (c1 – c5) and unloaded collagen fiber angle (α) were
determined by constrained nonlinear regression to minimize the error between the
experimental and predicted circumferential and axial stress values for every data point, i, using
the fmincon function in Matlab R2010b. The error is defined as:
error 

   i     i  
   i  
,exp

, pred
2

,exp

2



 

 i    zz , pred  i  
2
  zz ,exp  i  

zz ,exp

2

(14)

The material parameters were constrained to the positive domain, and α was only
allowed to vary between 0° and 90° with 0° aligning with the circumferential axis. Parameter
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fitting was performed on data for each individual aorta. Multiple initial parameter estimates
were randomly generated to ensure a global minimum was found. Additionally, constraints on
the relative stress contributions of elastin and collagen were implemented to ensure
physiologically relevant contributions from these constituents. We explored two modes of
constraining the model: 1) a penalty function that prescribes minimum stress contributions of
elastin and collagen at low and high pressures, and 2) an extreme biphasic constraint meant to
simulate a biphasic material with full separation of the circumferential stress contributions
from elastin and collagen to different regions of the pressure range.
For the penalty function, it was assumed that for the circumferential direction, elastin
contributes 30% of the total stress at low pressures and collagen contributes 75% of the total
stress at high pressures. Specifically, the constraints:

 e /   > 30% for PL < P < PH ,

(15)

 c /   > 75% for P > PH ,
were imposed where  e is the circumferential stress from elastin,   is the total
circumferential stress,  c is the circumferential stress from collagen, PL is the maximum
pressure for the low pressure region and PH is the minimum pressure for the high pressure
region. The values of 30% and 75% for the elastin and collagen contributions to the total
circumferential stress were chosen from a previous study using a four fiber-family model for
mouse carotid arteries (Hansen, Wan et al. 2009). While the exact percentages and pressure
limits may vary for different species and artery types, it is well-accepted that elastin and
collagen contribute at different pressure ranges (Dobrin 1997). PL and PH were assumed to
bracket the linear region of the pressure-diameter curve and were defined as the second
derivative of an empirical equation (Fonck, Prod'hom et al. 2007) fitted to the pressurediameter data for each aorta at the in vivo length:
  2 dout
PL  max 
 P


,


(16)

  2 dout 
PH  min 
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 P 

(17)
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(18)

where dout is the external diameter, P is the measured pressure, and a, b, c, and d are fitted
constants. The second derivative was calculated for each discrete pressure step for every aorta
and averaged for each age and genotype. The pressure steps that corresponded with the
maximum and minimum of the average second derivative values were used to obtain PL and PH,
respectively, for each group. The average values (Table 2) were subsequently used to enforce
the relative stress contributions when fitting material parameters for each aorta. To enforce the
constraints in Eqn. 19, a penalty function was included in the final minimization function:

min_error = error +  penalty  i  

2

(19)

where penalty(i) is a penalty function applied to each data point, i, to enforce the minimum
circumferential stress contributions of elastin and collagen in the appropriate pressure range.
The penalty function is:

penalty  i   0.3 

 e
 

for

PL < P(i) < PH and

 c
penalty  i   0.75 
 

for

penalty  i   0

for all other cases.

 e
 0.3 ,
 

(20)

 c
 0.75 ,
P(i) > PH and
 

Without the penalty limits on elastin, parameter estimates may result in the material
parameter, c1 , being zero because the overall material behavior is not isotropic and neoHookean. While c1 = 0 may provide a good mathematical fit to the data, this result is
biologically irrelevant because it is known that elastin contributes significantly to arterial
mechanics in vertebrate animals (Dobrin 1997). Without the penalty limits on collagen, the
nonlinear contribution to the mechanical stress in the circumferential direction can be
contributed either by the SMCs or the collagen fibers. Because the collagen fibers must also
contribute in the axial direction, the best fit may be axially aligned collagen fibers with one set
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of parameters and circumferentially aligned SMCs with a different set of parameters. It is
known that collagen fibers are not only aligned axially (Holzapfel 2006), and that SMCs are not
the sole component contributing to the nonlinear circumferential behavior, so constraints are
necessary to enforce physiologically relevant parameters.
For the biphasic material constraint, the strain energy function is defined so that
collagen does not contribute to the total stress at low pressure and elastin does not contribute
to the total stress at high pressure. The transition between elastin to collagen dominated
behavior was assumed to occur at PH. This model was investigated to determine if biphasic,
rather than additive behavior of the two proteins better describes the mechanical behavior of
the mouse aorta. The total strain energy function for the biphasic constraint is:
for P < PH: W  W e  W m ,

(21)

for P > PH: W  W c  W m .

(22)

Hence, only elastin and SMCs contribute at low pressures and only collagen and SMCs
contribute at high pressures. For the biphasic constraint, the minimization error function
(Equation 17) did not include the penalty term.

3.2.5 Protein quantification
Desmosine, a crosslink specific to mature elastin, and hydroxyproline, an amino acid
abundant in collagen, were quantified to determine changes in elastin and collagen amounts
with age and genotype. Female littermates to the male mice used for mechanical testing were
used for the protein quantification. Ascending aorta segments from the aortic valve to the
innominate artery were harvested from WT and Eln+/- mice at each age from P3 to P60 (N = 5 –
6 for each group) and frozen at -20° C until use. Vapor-phase acid hydrolysis for each aorta was
performed with 6N constant-boiling HCl (Thermo Scientific) at 105o C for 36h. Acid was
removed using a vacuum centrifuge and the samples suspended in Milli-Q ultra pure water and
filtered using 0.45µm Ultrafree-MC microcentrifuge tubes (Amicon). Hydrolyzed samples were
prepared for analysis by derivatization with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate
using the AccQ-Fluor reagent kit (Waters).
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Desmosine quantification was carried out using a competitive ELISA according to the
methods developed by Rahman (2009). Purified desmosine, isodesmosine, rabbit primary
antibody to desmosine/isodesmosine, and desmosine/isodesmosine conjugated to ovalbumin
were provided by Dr. Barry Starcher (University of Texas Health Science Center, Tyler, Texas).
Secondary peroxidase labeled goat anti-rabbit IgG antibody and microtiter plates were
purchased as part of a commercially available ELISA kit (KPL).
Quantification of hydroxyproline was carried out by reverse phase HPLC. A Beckman
HPLC, System Gold, equipped with a Programmable Solvent Module 126, Diode Array Detector
Module 168 and Autosampler 508 was used in conjunction with a Waters AccQ.Tag 3.9x150mm
C18 Reverse phase Silica base analytical HPLC Column run at 39˚C. Sample detection was at
260nm and 275 nm. A modification of the Waters amino acid analysis method was developed
for the simultaneous separation and quantification of hydroxyproline with other amino acids in
the protein hydrolyzate. Eluent A consisted of 400 ml of Waters 10X eluent buffer A, containing
19% NaAc + 1-3% Triethylamine diluted in 4 L of mQ water (pH 5.13). Eluent B was 100%
Acetonitrile. The column was run at a flow rate of 1 ml/min starting with 100% eluent A
followed by eluent B in a series of linear gradients as follows: from 1% to 2.5% beginning at 0.5
min, from 2.5% to 5% beginning at 16 min, from 5% to 9% at beginning 21 min, from 9% to 17%
beginning at 22 min, and from 17% to 20% beginning at 32.5 min. At 38 min eluent A was
replaced by water. At 40 min eluent B was increased to 60% over 1 min and at 43 min eluent B
was lowered to 17 % over 1 min. After 1 additional minute, water was replaced with eluent A,
and at 45 min eluent B was reduced to 0% to re-equilibrate the column until data acquisition at
60 min.

3.2.6 Statistics
A general linear model (GLM) was used to determine the effects of age, genotype and
interactions between age and genotype on the fitted material parameters and protein
quantification data. Comparisons between ages were performed using ANOVA followed by the
Tukey HSD post-hoc test. Additional comparisons between genotypes at each age were
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performed using two-tailed t-tests assuming unequal variance. Averages are presented as mean
± SD. All analyses were performed with SPSS software (IBM). P < 0.05 is considered significant.

3.3 Results
3.3.1 Model Fit

Figure 7 Representative pressure versus diameter curves for a single inflation cycle at the in
vivo length of P30 aortas from WT and Eln+/- mice (Le, Knutsen et al. 2011). Arrows indicate PL
and PH as determined from the second derivative of an empirical equation fit to the data for
each aorta (Eqns. 19 – 21).
A pressure-diameter plot of representative P30 WT and Eln+/- aortas at the in vivo
length shows the difference in mechanical behavior between the two genotypes (Figure 7).
Eln+/- aortas have significantly smaller diameters at most pressures. Arrows indicate the
inflection points, PL and PH, used to define the pressure limits for the constraints on elastin and
collagen contributions in the model. PL is similar between genotypes for all ages, while PH is 12 25 mmHg lower in Eln+/- aorta than WT for all ages above P3 (Table 2). PL and PH values were
determined from the second derivative of an empirical equation (Eqns. 19 - 21) fitted to the
pressure-diameter data of each aorta at the in vivo length. The penalty constraints enforce a
minimum 30% contribution of elastin toward the total circumferential stress in the low to midpressure range (between PL and PH) and a minimum 75% contribution of collagen at high
pressures (greater than PH).
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Figure 8 Experimental data (exp data) and model predictions (pred data) for the three constant
length inflation and three constant pressure axial stretch mechanical test protocols for the
same representative P30 WT (a, c) and P30 Eln+/- (b, d) aorta as Figure 7. Panels a and b show
pressure versus outer diameter (diam) and axial stretch ratio, while panels c and d show axial
force versus outer diameter and axial stretch ratio. Representative graphs for all ages are
shown in Supplemental Figures 1 – 4.
The experimental data and modeling results for all six mechanical testing protocols for
representative P30 WT and Eln+/- aortas are shown in Figure 8. Similar plots for all ages are
shown in Supplemental Figs 1 - 4. Overall, the predicted pressure values follow the
experimental pressures and seem to fit better at the older ages. The predicted force values
often underestimate the experimental forces at the lowest and highest diameter values and
also seem to fit better at the older ages. The underestimation of forces at high circumferential
stretch values was also observed in the original two fiber-family model (Holzapfel, Gasser et al.
2000) and may be a consequence of assuming isotropic elastin behavior or not including an
individual family of collagen fibers oriented in the axial direction.
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a

b P30 Eln+/-

P30 WT

Figure 9 Experimental data (exp data) versus model predictions (pred data) for three constant
length inflation and three constant pressure axial stretch mechanical test protocols for a
representative P30 WT (a) and Eln+/- (b) aorta using the biphasic constraint.
Results for the biphasic constraints are shown in Figure 9. The penalty function
provides an overall better fit, but the biphasic constraint also sufficiently captures the shape of
the pressure-diameter curve. A plot of the predicted circumferential stress contributions from
individual constituents (elastin, collagen, and SMCs) compared with the total stress and
experimental data for the same aorta highlights the differences between the two constraints
(Figure 10). Predicted stress values from the penalty function show non-zero elastin and
collagen contributions at all circumferential stretches, as anticipated. The biphasic constraint
shows zero circumferential stress contribution from elastin at high stretch ratios, and zero
circumferential stress contribution from collagen at low stretch ratios. The transition from
elastin dominated to collagen dominated stress contributions occurs when the vessel is inflated
to PH. Both constraints predict little overall contribution from the SMCs, although the biphasic
constraint predicts a higher contribution than the penalty function.
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a

P30 WT

b

P30 Eln+/-

Figure 10 Circumferential stress plotted against circumferential stretch for the final inflation
cycle of the same representative P30 WT (a) and P30 Eln+/- (b) aorta as Figure 9 for the biphasic
constraint. Total predicted stress is the sum of elastin, collagen, and SMC stresses.

Figure 11 Circumferential (circ) stress versus circumferential stretch ratio for the inflation cycle
at the in vivo length for the same representative P30 WT (a) and P30 Eln+/- (b) aorta as Figure
8. Experimental stress (exp) and total predicted stress (total), as well as the predicted stress
contributions of each constituent (elastin, collagen and SMCs), are shown. The elastin
contribution is slightly lower, while the collagen contribution is higher in Eln+/- aorta compared
to WT. The predicted SMC contribution is minimal in both genotypes. Representative graphs for
all ages are shown in Supplemental Figs 5 – 6.
A plot of the predicted circumferential stresses for the same aortas as Figure 8 against
circumferential stretch for the inflation protocol at the in vivo length shows the contributions
from individual artery constituents (elastin, collagen, and SMCs) compared to the total
predicted and experimental stresses (Figure 11). At the in vivo length, the aorta is stretched
axially, decreasing the diameter compared to the unloaded state, so the starting
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circumferential stretch ratio can be less than 1. Similar plots for all ages are shown in
Supplemental Figs 5 and 6. At circumferential stretches less than 1.4, the model overestimates
the experimental stresses by 5 - 40%, depending on the individual aorta. This is likely due to the
enforced minimum 30% contribution of the linear, isotropic elastin to the total circumferential
stress at low pressures and hence low stretch. At higher pressures and stretches, when the
anisotropic, nonlinear collagen begins to contribute an enforced minimum of 75% to the total
circumferential stress, the model usually matches the experimental stresses within 10%.
Predicted circumferential stress values for the SMCs are near zero, showing that as modeled,
they do not contribute to the passive mechanical behavior of the mouse aorta. We chose to
focus on the circumferential stress behavior at the in vivo length, because that is the most
physiologically relevant loading configuration. However, predicted axial stress contributions for
each constituent can also be compared. Graphs of the axial stress versus axial stretch ratio for
the axial stretch protocols at different constant pressures show similar behavior to the
circumferential direction (not shown). SMCs do not contribute to the axial stress, because they
are assumed to be oriented in the circumferential direction. Elastin contributes linearly and is
isotropic, so the axial behavior is identical to the circumferential behavior. Collagen contributes
nonlinearly and although the minimum contribution was not constrained, the model predicts
that collagen contributes 60 - 80% of the total axial stress at the higher axial stretch ratios.
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3.3.2 Material Parameters

Figure 12 Average predicted parameter (a - f) and R2 (g) values for the constitutive model with
penalty function applied. Parameters were determined for individual WT and Eln+/- aortas via
constrained nonlinear least squares regression and then averaged for each age and genotype.
Parameters for each individual aorta are provided in Supplemental Table 1. For clarity,
significant differences between ages are not shown, but are discussed in the text. The
parameters c1, c2 and α are significantly affected by age (P < .001). * = P < .05 between WT and
Eln+/-. N = 5 – 10 for each age and genotype. Mean ± SD.

The fitted parameters for each individual aorta are shown in Supplemental Table 1. The
average fitted material parameters and R2 values for the penalty function are shown in Figure
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12. The average material parameters for elastin, c1, and two of the parameters for collagen, c2
and α, are significantly affected by age (P < 0.001). For elastin, the parameter c1 increases
between successive ages from P3 to P21 in WT (P < 0.02) and from P7 to P21 and P30 to P60 in
Eln+/- aorta (P < 0.02). The parameter c1 approximately quadruples in both genotypes from P3
to P21. For collagen, the parameter c2 increases between successive ages from P7 to P21 in WT
(P < .004) and from P14 to P21 in Eln+/- aorta (P < 0.002). The parameter c2 approximately
triples in both genotypes from P3 to P21. From P30 to P60, c2 decreases 40% in WT aorta (P <
0.02). The unloaded collagen fiber angle, α, decreases in angle, toward a more circumferential
orientation, with age and the effect is more pronounced in Eln+/- than WT aorta. For example,
α in P3 Eln+/- aorta is significantly different between every age after P7 (P < .007), while α in P3
WT aorta is only significantly different between P14 and P60 (P < .04). Overall, α decreases from
50° at P3 to 43° at P60 in WT aorta and from 60° at P3 to 43° at P60 in Eln+/- aorta. The average
R2 value is 0.69 ± 0.11 for all ages, showing a reasonable fit of the model to the experimental
data. As suggested by Supplemental Figs 1 – 4, the average R2 value is 20% lower for P3 and P7
(average = 0.58 ± 0.17) than the older ages (average = 0.72 ± 0.07) (P < .001) indicating that
modifications to the model assumptions may be necessary to provide a better fit at the younger
ages.
In comparing material parameters across genotypes, the elastin parameter, c1, for
Eln+/- aorta is 30 - 40% less than WT beginning at P7 and continuing through P21 (P < 0.002).
One of the collagen parameters, c2, is 30% lower in Eln+/- aorta compared to WT at P14 (P <
0.002). The unloaded collagen fiber angle, α, is 15 - 20% higher in Eln+/- aorta compared to WT
at P3 and P21 (P < .002). We found significant interactions between age and genotype for the
elastin parameter, c1, and the unloaded collagen fiber angle, α (P < 0.03). Similar trends in
parameter values, including differences between genotypes and ages, were observed when the
model was fit to mechanical data from the left common carotid artery of WT and Eln+/- mice
from P3 to P60.
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3.3.3 Comparison of Predicted and Experimental Circumferential Stress

Figure 13 Average experimental (exp) (a) (Le, Knutsen et al. 2011) and predicted (pred) (b)
circumferential (circ) stress in WT and Eln+/- aorta at the in vivo length and average systolic
pressure for each age and genotype. Systolic pressures are found in Table 2. Note that the
predicted stress increases with age, but is similar in WT and Eln+/- aorta at most ages. The large
increase in predicted circumferential stress for Eln+/- aorta compared to WT at P60 comes from
an increase in the predicted collagen stress contribution. For panel a, * = P < .05 between WT
and Eln+/-. For panel b, * = P < .05 between WT and Eln+/- at P3 and P7 for the elastin stress
and at P60 for the collagen and total stress. N = 5 – 10 for each age and genotype. Mean ± SD.
The circumferential stress calculated from the mechanical data at the average systolic
arterial blood pressure for each age and genotype (Le, Knutsen et al. 2011) is similar in WT and
Eln+/- aorta for most ages, until P60 when circumferential stress in the Eln+/- aorta is 30%
higher than WT (P < 0.001) (Figure 13a). This behavior is also observed in the total predicted
circumferential stress from the model (Figure 13b). The 25% increase in total predicted
circumferential stress in P60 Eln+/- aorta (P < .001) is due to a 30% increase in the predicted
collagen stress contribution compared to WT (P < .001). Interestingly, the predicted
circumferential stress contribution of elastin is higher, lower or the same in Eln+/- and WT aorta
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depending on the age. At P3, the predicted contribution of elastin is increased 35% in Eln+/aorta compared to WT (P = .04) and at P7, the predicted contribution of elastin is increased 30%
in WT compared to Eln+/- aorta (P = .003). There are no significant differences in the predicted
circumferential stress contribution of elastin at any of the older ages. The calculated and
predicted axial stresses for the same loading conditions show similar behavior (not shown). A
plot of the circumferential stress contributions from elastin and collagen as a ratio of the total
circumferential stress reveals a 15 - 25% lower contribution from elastin and 10% higher
contribution of collagen in Eln+/- aorta compared to WT (Figure 14). The difference is significant
at P7 and P14 (P < .01), becomes insignificant at P21, only to diverge again and become
significant at P30 and P60 (P < .001). Similar behavior is seen for the axial stress contributions of
elastin and collagen as a ratio of the total axial stress (not shown).

Figure 14 Mean predicted (pred) circumferential (circ) stress contributions from elastin and
collagen as a ratio of the total circumferential stress for WT and Eln+/- aorta at the in vivo
length and average systolic pressure for each age and genotype. Systolic pressures are found in
Table 2. Predicted stress contributions from the SMCs are negligible. Note that Eln+/- aorta is
predicted to have lower elastin and higher collagen circumferential stress ratio contributions.
Error bars are omitted for clarity. * = P < .05 between WT and Eln+/-. N = 5 – 10 for each age
and genotype.
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3.3.4 ECM Protein Quantification

Figure 15 Mean values for total desmosine (a), an elastin specific crosslink, and hydroxyproline
(b), an amino acid abundant in collagen, per ascending aortic segment for each age and
genotype. For clarity, significant differences between ages are not shown, but are discussed in
the text. Desmosine and hydroxyproline amounts are significantly affected by age (P < .001). * =
P < .05 between WT and Eln+/-. N = 5 – 6 for each age and genotype. Mean ± SD.

Quantification of total desmosine, a crosslink specific to mature elastin, is presented in
Figure 15a. Desmosine amounts are significantly affected by age in both genotypes (P < .001).
There are increases in desmosine amounts for each successive age from P3 to P21 in WT aorta
(P < .03) and between P7 to P30 in Eln+/- aorta (P < .05). Desmosine amounts increase 16-fold
in WT aorta and 12-fold in Eln+/- aorta between P3 and P30. Desmosine amounts are reduced
30 - 50% in Eln+/- aorta compared to WT at P21 and older (P < .05). P21 coincides with the age
where elastin gene expression begins declining in the WT mouse aorta (Kelleher, McLean et al.
2004). Quantification of total hydroxyproline, an amino acid abundant in collagen, is shown in
Figure 15b. Hydroxyproline amounts are significantly affected by age in both genotypes (P <
43

.001). There are increases in hydroxyproline amounts between successive ages from P7 to P30
in WT aorta (P < .05) and from P3 to P14 and P21 to P30 in Eln+/- aorta (P < .05).
Hydroxyproline amounts increase 14-fold in both genotypes from P3 to P30. Between P30 and
P60 hydroxyproline amounts decrease 30% in the WT aorta (P < .01). At P21, there is 50% less
hydroxyproline in Eln+/- aorta compared to WT (P < .001), but there are no significant
differences between genotypes at any other age. We found significant interactions between
age and genotype for desmosine and hydroxyproline amounts (P < 0.001). Along with
desmosine and hydroxyproline amounts, the size of the aorta will increase with age. Using the
in vivo length, unloaded diameter and unloaded thickness of the aorta for each age and
genotype (Le, Knutsen et al. 2011), we calculated the approximate wall volume of the aorta.
Normalizing the desmosine and hydroxyproline values by the wall volume does not change the
observed trends in Figure 15.

3.4 Discussion
A fiber-based constitutive model was used to fit mechanical data from WT and Eln+/aortas throughout postnatal development. As modeled, passive SMCs contribute minimally to
the total circumferential stress in the aortic wall and the major contributors are elastin and
collagen. The amount of elastin and collagen in each aorta was measured by quantifying
desmosine and hydroxyproline. The model fits the mechanical data from older ages (P14 – P60)
better than earlier ages (P3 – P7), suggesting that the mechanical properties or relative
contributions of elastin, collagen and SMCs may be different in early postnatal development.
The elastic lamellae between cell layers are not fully connected, and presumably not fullyfunctional mechanically, until about P7 in the mouse aorta (Davis 1995). However, the
mechanical model presented here for all time points predicts changes in elastin and collagen
stress contributions that are consistent with measured changes in protein amounts with age
and disease.
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3.4.1 Model Predicts Changes with Age
In examining the best fit values of the model parameters over postnatal development,
multiple trends are observed. First, there is an increase in the parameters c1 (elastin) and c2
(collagen) in WT and Eln+/- aortas up to P21 or P30. This trend coincides with desmosine and
hydroxyproline amounts in WT and Eln+/- aortas that increase with age up to P21 or P30.
Desmosine and hydroxyproline amounts are directly proportional to elastin and collagen
amounts, respectively. The changes in model parameters and elastin and collagen amounts
with age match elastin and collagen gene expression data for the WT mouse aorta, where
expression begins declining around P21, shown in Figure 2 (Kelleher, McLean et al. 2004).
Interestingly, c1 in the Eln+/- aorta continues to increase up to P60, while Eln+/- desmosine
levels continue to increase up to P30. In contrast, there is a clear peak in c1 magnitude and
desmosine content at P21 for the WT aorta. Although we do not have gene expression data for
Eln+/- aorta, it is possible that high elastin expression is prolonged past P21 in these mice in an
attempt to increase total elastin amounts. The collagen parameter, c2, increases significantly up
to P21 and decreases between P30 and P60 in both genotypes, approximately mirroring the
changes in hydroxyproline amounts in the aortas with age. The changes in hydroxyproline
amounts with age in Eln+/- aorta are different than WT with no significant changes between
P14 and P21 or P30 and P60, which may represent an altered timeline of collagen expression to
compensate for reduced elastin levels. The interactions between age and genotype for c1, α,
desmosine and hydroxyproline amounts suggest an altered timeline of elastin and collagen
organization, mechanical contribution and accumulation in the two genotypes. By P60, when
the mice are young adults, Eln+/- mice have approximately half the desmosine and similar
hydroxyproline to WT mice, consistent with previous data (Faury, Pezet et al. 2003).
At P60, the average elastin parameter, c1, for WT aorta is in the same range as previous
studies (8 – 26 kPa) that modeled the mechanical behavior of adult mouse carotid arteries with
a four fiber-family model (Gleason, Dye et al. 2008; Eberth, Taucer et al. 2009; Hansen, Wan et
al. 2009; Wan, Yanagisawa et al. 2010). In all of the studies on mouse arteries, the elastin
material parameter is lower than that found from fitting neo-Hookean constitutive models to
isolated elastin from pig arteries (70 – 140 kPa) (Gundiah, Ratcliffe et al. 2009; Watton,
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Ventikos et al. 2009). The parameter differences may be due to variations between species or
to changes in the elastin mechanical properties upon isolation from the arterial wall (Gundiah,
B Ratcliffe et al. 2007). The collagen parameters are harder to compare between studies due to
the different number of collagen fiber-families in various studies and the nonlinear mechanical
behavior, but our results show that in the physiologic range of stretch ratios (1.5 – 1.8)
(Wagenseil and Mecham 2009) collagen is significantly more stiff than elastin, as expected
(Greenwald 2007).
The second trend that is observed from the model predictions is that the unloaded
collagen fiber angle, α, decreases with postnatal development. This corresponds to the fibers
shifting from a more axial orientation toward a more circumferential orientation with age,
which increases the ability of the fibers to resist the higher blood pressure and bear the
increased circumferential wall stress found in adult arteries. The reorientation is more
pronounced in Eln+/- than WT aorta, which indicates remodeling of the collagen fiber
orientation over time to adapt to altered mechanical behavior caused by reduced elastin levels.
The predicted unloaded orientation of collagen fibers at 43° in the adult mouse aorta by the
model agrees well with previous measurements of 40° in the unloaded medial layer of human
aorta (Holzapfel 2006). To our knowledge, the reorientation of fibers over postnatal
development has not been studied by others. While traditional histological studies of ECM fiber
orientation have provided limited information, new methods in multiphoton confocal
microscopy can provide greater detail to investigate this in the unloaded and loaded
configurations (Wan, Yanagisawa et al. 2010; Ferruzzi, Collins et al. 2011). The combination of
decreasing c2 after P30 in both genotypes and the continuous changes in unloaded collagen
fiber angle suggest that the continued increase in total stress in the artery wall throughout
development may be caused by rearrangement and remodeling of the collagen fibers, rather
than changes in collagen amount. This is consistent with the hydroxyproline data for both
genotypes and gene array data for WT aorta (Kelleher, McLean et al. 2004) that show limited
additional expression or accumulation of collagen after P30 in the mouse. This topic is further
explored in chapter 4, where adventitial collagen orientation is quantified in the ascending
aorta during postnatal development.
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3.4.2 Model Captures Differences in Elastin Amount
In comparing the model parameters between genotypes, the elastin parameter, c1, for
Eln+/- aorta is significantly reduced compared to WT beginning at P7, the age when the elastic
lamellae are complete (Davis 1995), and continuing through P21, the age when elastin gene
expression begins decreasing in the WT aorta (Kelleher, McLean et al. 2004). The desmosine
data does not show significant differences in elastin amount between genotypes until P21.
Small differences in elastin amounts at the younger ages may have large effects on the
mechanical properties and hence significant effects on the elastin parameter, c1. After P30, the
desmosine amounts for Eln+/- mice are approximately half that of WT mice, but the differences
in c1 are no longer significant. There is still a trend toward reduced c1 in Eln+/- aorta compared
to WT (P = .06 and .09 for P30 and P60, respectively) and increased samples at these ages may
improve the statistical significance. It is possible that varying the elastin contribution to the
total circumferential stress with age may have resulted in better agreement between c1 and the
desmosine data. However, the changes in c1 and desmosine amounts with time and between
genotypes, show that the current, simple model is capable of predicting mechanical differences
in the aortic wall caused by altered elastin amounts with postnatal development and disease.
Another notable difference between genotypes is the trend in the reduction of collagen
parameter, c2, in Eln+/- mice compared to WT at the older ages (P14 – P60). While this may
seem contradictory to the similar hydroxyproline amounts between genotypes at most ages,
the change in c2 is accompanied by an increase in the exponential term, c3, at most ages and
slight differences in α, which also characterize collagen in the model. The nonlinear behavior of
the collagen fibers in the model, compared to the linear behavior of the elastin matrix, makes it
more difficult to equate the collagen parameters to protein amounts. The changes in all of the
collagen model parameters suggest that the mechanical properties and organization of the
collagen fibers may differ between WT and Eln+/- aorta. For additional discussion on this topic,
see chapter 4.
When the predicted circumferential stress is separated into the contributions of each
constituent in the model, reduced predicted contributions from elastin in Eln+/- aorta are
compensated for by increased predicted contributions from collagen that result in a similar
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total circumferential stress at physiologic pressure at most ages. It is perhaps the need for the
arteries to achieve a homeostatic stress state that is driving the remodeling process and
altering the relative contribution of each component. Previous investigators have noted a
consistency at physiologic pressures in the tension per lamellar unit in mammals (Wolinsky and
Glagov 1967), elastic modulus in vertebrates (Gibbons and Shadwick), and elastic modulus in
jawless vertebrates and invertebrates (Davison, Wright et al. 1995). Mathematical modeling
including turnover of the major wall constituents also observed a remodeling response that
returned wall stress toward a homeostatic value (Gleason and Humphrey 2004). Thus,
circumferential wall stress at each age may be an important target for developmental
remodeling.
Constraints were imposed on the model parameters to ensure physiologically relevant
contributions from the elastin and collagen proteins. The contributions were determined from
previous reports that elastin contributes mostly in the low to mid pressure range (Dobrin and
Canfield 1984; Fonck, Prod'hom et al. 2007; Ferruzzi, Collins et al. 2011) and that collagen
contributes mostly in the high pressure range as the fibers are relatively unengaged at
physiologic pressures (Greenwald, Moore et al. 1997). The constraint values were chosen from
prior modeling of adult mouse carotid arteries (Hansen, Wan et al. 2009). While the selection of
the particular constraint values was admittedly arbitrary, we found that varying the elastin
contribution from 10 – 40% and collagen contribution from 55 – 85% of the total
circumferential stress did not change the observed trends in the parameters. Constraints were
not applied to the SMCs or to the axial stress behavior, because there is more limited data
available to determine the appropriate constraints and we wished to impose the least amount
of constraints necessary. Inclusion of similar constraints in the axial direction with 30% elastin
contribution toward the total axial stress between PL < P <PH and 75% collagen contribution
toward the total axial stress at P > PH, also did not change the observed parameter trends. In
addition, an alternate method of constraining the circumferential stress contributions of elastin
and collagen by completely separating their contributions to different operating pressure
ranges produced similar trends in the parameters, indicating that separate mechanical
contributions of elastin and collagen can describe the total stress behavior of the developing
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mouse aorta. The model predicts minimal contributions to the total stress from the SMCs,
which is consistent with previous data for large, elastic arteries. Using Cytochalasin D to
dissolve the SMC actin cytoskeleton or Triton X to remove the cells from the arterial wall has
minimal effects on the passive pressure-diameter behavior of adult mouse carotid arteries
(Corley, Le et al. 2010).

3.4.3 Separation of Elastin and Collagen Stress Contributions
Two different constraints were imposed on the model parameters to force
physiologically relevant contributions from the elastin and collagen proteins. The penalty
function produces a higher root mean squared value and better overall fit, but it tends to
overestimate the total stress at lower pressures due to a required contribution from both
elastin and collagen. The biphasic constraint produces a lower root mean squared value (not
shown), but this is to be expected because in essence it is further constrained than the penalty
function. Instead of constraining the stress contribution of elastin or collagen to exceed a
certain value, the biphasic constraint only allows one or the other to contribute toward the
circumferential stress. Stress contribution from elastin and collagen with the biphasic constraint
is mutually exclusive with the circumferentially oriented SMCs contributing at all pressures.
Both constraints predict relatively minimal contributions to the total stress from the SMCs,
which is consistent with previous data for large, elastic arteries from adult mice (Faury, Maher
et al. 1999). While the fit of the model using the biphasic constraint is not as good as the
penalty function, the same trends were observed among the model parameters as in the
penalty function (not shown). Early studies on arterial mechanics postulated that elastin
provides distention at low pressures and collagen at high pressures (Roach and Burton 1957).
Others have shown collagen to be relatively unengaged at physiological pressures (Greenwald,
Moore J. E et al. 1997). The modeling results here indicate that separate mechanical
contributions of collagen and elastin can describe the total wall stress behavior of the
developing mouse aorta.

49

3.4.4 Model Limitations
Our experimental approach is not without limitations. To minimize the number of mice
required, male mice were used for mechanical characterization and female mice were used for
protein quantification. Differences between the sexes in the relationship between aortic
mechanical behavior and wall constituents may account for some of the inconsistencies in
correlating model parameters with elastin and collagen amounts. The current model does not
explicitly include volume or mass fractions of the wall constituents. While a case can be made
for changes in the material parameters to represent changes in constituent amounts, they are
not directly relatable to protein amounts. Future studies may involve the use of volume or mass
fraction terms to more accurately capture the differences in relative protein amounts, however
this increases the number of fitted parameters and the chance of obtaining non-unique
parameter values. The biphasic constraint is flawed as implemented because a sudden abrupt
change in circumferential stress contribution from elastin to collagen at a specific pressure is
unrealistic. A better model for this behavior could be to include additional equations that
describe the collagen network as a distribution of fibers that at only engage at a critical stretch,
allowing minimal (but not zero) collagen contribution at low pressures and gradually becoming
the dominant load-bearing ECM protein at high pressures as more fibers (Zulliger, Fridez et al.
2004).
The aortic wall was considered a single homogeneous layer, while histology results
clearly indicate that the aortic wall consists of three distinct layers with different structures and
compositions. This spatial organization is a key difference between large elastic arteries,
muscular arterioles and thinner capillaries, and future modeling efforts should consider the
spatial arrangement of proteins. Despite having less total elastin, the Eln+/- mouse aorta has
increased lamellar units (Li, Faury et al. 1998). This difference in spatial organization of elastin
may contribute to the observed differences in the age trends of the elastin parameter, c1,
between the two genotypes.
The model also does not consider a transmural wall stress distribution. It has been
suggested that residual stresses normalize the transmural wall stress, so that the mean wall
stress can be a reasonable approximation (Chuong and Fung 1986). Similar models without
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residual stress have proven effective at comparing mechanical behavior in mouse arteries with
altered ECM amounts (Eberth, Taucer et al. 2009; Ferruzzi, Collins et al. 2011). However, studies
have shown that residual stresses arise primarily from differential growth in different layers of
the wall (Chuong and Fung 1986). Differences in local stresses at different depths in the arterial
wall may affect growth rates and ECM organization. Strain values were assumed to be uniform
despite known differences in material properties of collagen, elastin, and SMCs. Including
additional terms to account for differences in strain values may improve the model predictions.
Unloaded orientation of the collagen fiber families is included, but the orientation
distribution, as well as any considerations about the waviness or unloaded configuration of
individual collagen fibers is not included (Fonck, Prod'hom et al. 2007). Additionally, there is
evidence that the elastin matrix is not completely isotropic in the arterial wall (Rezakhaniha,
Fonck et al. 2011). Work is ongoing to determine the best strain energy functions to describe
the ECM proteins. It is also important to note that all of the parameters were determined from
fits to ex vivo test results. In vivo mechanical behavior may be slightly different due to
interactions with surrounding tissue (Liu, Dang et al. 2007), but the ex vivo tests allow the
application of a range of loading protocols for robust error minimization of the best fit
parameters.

4 Collagen Orientation in the Developing Mouse Artery

4.1 Introduction
The large arteries of vertebrates play a fundamental role in cardiovascular function by
distending to accept the bolus of blood with each beat of the heart. This is made possible by a
unique composition of ECM) containing elastin, a protein that imparts elasticity in the arteries
of vertebrates. Not only is proper ECM amount essential, but structure and organization is
critical to proper arterial function. Elastin insufficiency in humans results in stenosis of the
aorta, hypertension, and lifelong cardiovascular complications (Aboulhosn and Child 2006).
Mouse models lacking sufficient elastin suffer from chronic hypertension, arterial stiffening,
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vessel thickening, and reduced survival outcome depending on the severity of elastin deficiency
(Wagenseil, Nerurkar et al. 2005; Hirano, Knutsen et al. 2007; Wagenseil, Ciliberto et al. 2009).
Constitutive models have been useful in helping understand how the ECM components
contribute toward proper arterial function. Newer models have been formulated with
assumptions about collagen fiber orientation in adult arteries (Holzapfel, Gasser et al. 2000;
Gasser, Ogden et al. 2006). These models have been used to quantify mechanical behavior of
arteries from genetically engineered mouse models of hereditary diseases (Gleason, Dye et al.
2008; Cheng, Stoilov et al. 2012). Model results from each study showed a change in collagen
orientation between wild-type and various genetic mouse models, and one study suggested
collagen fiber alignment changed with age during postnatal development (Cheng, Stoilov et al.
2012). It is therefore important to identify the structural arrangement of collagen fibers in
arteries throughout development in order to develop accurate microstructurally-based models
of artery mechanical function.
This chapter describes the use of a conventional laser, inverted confocal microscope to
image collagen fibers in mouse aorta at in-vivo pressures and stretch to assess collagen fiber
orientation throughout postnatal development in WT and Eln+/- aorta. We use CNA35-OG488,
a bacterial collagen adhesion protein bound to a fluorophore, to visualize the collagen fibers
and Alexa 633 dye as a marker for medial elastin. The CNA35 probe is a highly specific and
versatile molecular imaging agent for collagen (Krahn, Bouten et al. 2006). It was found to
produce high resolution images compared to SHG (Boerboom, Krahn et al. 2007).
Understanding how the structure and organization of fibrillar collagens in the developing
arteries will be crucial for developing more reliable models of arteries in growth and
development.
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4.2 Methods
4.2.1 Animals
Female C57BL/6J WT and Eln+/- mice at postnatal day approximately (P) 7, 21, and 30 were
sacrificed and had their aorta and left common carotids removed for testing. Specific age
ranges were: P7-8, P21-23, and P30-31 (N = 3-6 for each age and genotype). All protocols were
approved by the Institutional Animal Care and Use Committee. Each artery was stored in PSS
for 0-3 days or stored at -80C for a maximum of 30 days before testing (Amin, Kunkel et al.
2011).

4.2.2 Fluorescent Labeling
The CNA35 collagen probe was graciously provided by Dr. Magnus Hook (Texas A&M
Health Science Center). Conjugation of CNA35 with commercially purchased amine-reactive
Oregon Green 488 succinimidyl ester (Invitrogen) was carried out according to the
manufacturer’s specifications. Briefly, CNA35 was concentrated and buffer exchanged into 0.1
M sodium bicarbonate. 0.02 mg Oregon Green 488 label was added and rotated for 1 hr at
room temperature to allow for conjugation. Solution was washed three times with 1X PBS (pH
7.4) repeating concentration and dilution steps using a 10,000 MWCO filter in an
ultracentrifuge. Final concentration and degree of labeling was determined by measuring
absorbance at 488 nm. To determine specificity and collagen labeling penetration depth,
arteries were incubated with 1:10 dilution of stock CNA35-OG488 or 1:40 collagen-1 anti-body
as a marker for collagen, Alexa 633 for elastin (Clifford, Ella et al. 2011), or Chicago Sky blue
(Sigma-Aldrich) to reduce background autofluorescence.
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4.2.2 Confocal Imaging

Prior to imaging, ascending aorta or left common carotids were incubated with 1:10
CNA35-OG488 for 1 hr at room temperature and 1:5000 Alexa 633 10 min at 37C with 3 x 5 min
wash steps of 1X PBS between each label. Arteries were stored in PSS for transport to the
microscope facility, where they were mounted onto a pressure myograph using silk suture
(Wagenseil, Nerurkar et al. 2005; Cheng, Stoilov et al. 2012). Ascending aortas were mounted
with the dorsal face of the vessel facing downward, and left common carotids were
straightened to remove any twisting or crimping. All vessels were stretched to in-vivo lengths.
The pressure myograph was then placed onto a custom made stage on a Zeiss LSM 700 inverted
confocal microscope. The cannulated artery was then lowered as close as possible to the
bottom viewport of the pressure myograph and inflated to the average systolic pressure of
both WT and Eln+/- of the appropriate age (Le, Knutsen et al. 2011). Images were obtained
using a 10x plan-aprochromat objective with 0.45 numerical aperture. Collagen fibers were
visualized using a 488 nm emission argon laser passed through a bandpass (BP) 505-600 filter.
Elastin was visualized using a 633 nm emission helium-neon sent through a long-pass (LP) 650
nm filter. The focal plane was adjusted until the outer edge of the vessel was just visible and
centered on the viewing screen. A z-stack of ~30 images through the wall at 3-4 um per slice
was obtained.

4.2.3 Collagen Fiber Angle Measurement
Image analysis to determine fiber orientation was done using 2D fast Fourier transform
(FFT) methods for determining orientation of objects inside an image with custom written code
in Matlab R2010b (Ayres, Jha et al. 2008). Matlab code was based on consultation and code
provided by Dr. Cecil Thomas (Saint Louis University). The z-stack of images was flattened using
a 2D max projection in ImageJ. The resulting image was cropped and windowed to remove edge
effects. A 2D fast Fourier transform was applied to the image, and the intensities of the pixels in
the resulting frequency space was summed from 0 – 180 degrees at 1 degree intervals
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beginning at the horizontal position. Intensity values were normalized to the highest intensity in
each image, and the intensity results from matching age and genotype vessels were averaged
together.

4.3 Results
4.3.1 CNA35-OG488 Binds Specifically to Collagen Type 1

Figure 16 A P30 WT ascending aorta co-labeled with CNA35-OG488 and collagen type 1
antibody. CNA35-OG488 is showing specificity for binding to adventitial collagen. Scale bar =
100 µm.
The CNA35-OG488 label co-localized with collagen type 1, alpha 1 (COL1A1) antibody,
showing specificity to vascular collagen (Figure 16). Background autofluorescence of collagen is
negligible, as treatment with Chicago Sky Blue does not affect fluorescence signal (not shown).
Cryosection slicing of an ascending aorta labeled with markers for collagen (CNA35-OG488),
elastin (Alexa 633), and cell nuclei (DAPI) show that CNA35-OG488 is capable of penetrating
through the adventitial layer (Figure 17). CNA35-OG488 either does not penetrate through the
medial layer, or the staining is minimal compared to the adventitial layer and is not visible at
the same exposure values used for the bright adventitial staining. While collagen is present in
the medial layers, the adventitial collagen is the primary load-bearing collagen in large arteries
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and its orientation should contribute most towards biomechanical function of the artery
(Wagenseil and Mecham 2009).

Figure 17 Transverse section of a wild-type ascending aorta labeled with CNA35-OG488 (green),
Alexa 633 (red), and DAPI (blue). CNA35-OG488 stains brightly in the adventitial layer, but not
in the media. Scale bar = 100 µm.
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4.3.2 Adventitial Collagen is Organized in Discrete Bundles

Figure 18 2D max intensity projection of a representative P30 WT aorta showing collagen fibers
in green. A z-stack of images was scanned through the vessel wall at an axial stretch of 1.1 and
internal pressure at 99 mmhg.
When pressurized and stretched to in-vivo values, the collagen fibers appear to be
organized into discrete fiber bundles with a specific alignment (Figure 18). The fiber bundles
also appear straightened out, lacking a coiled or wavy appearance. Each 2D projection was
cropped, windowed, and analyzed using a custom written FFT algorithm to determine collagen
orientation in the image.
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Figure 19 Averaged intensity values of pixels aligned to each angle for P30 WT (n=5) and Eln+/(n = 5) aorta. An angle of 90 is aligned axially, while 0 is circumferential. Collagen fibers in P30
Eln+/- appear more aligned in a specific orientation with a peak near 7-21 degrees.
Comparing the averaged collagen fiber intensity profiles of WT and Eln+/- P30 aorta
suggest a preferred alignment toward specific angles (Figure 19). The shape of the profile
suggests that in both genotypes, collagen may have preferential alignment in two specific
directions. There appears to be a stronger association for collagen fibers in Eln+/- with a more
circumferential alignment at approximately 20 degrees. The results for WT do not show as
strong of an association, but the overall profiles of both genotypes suggest that the collagen
fibers are mostly aligned at angles away from the axial direction.

Figure 20 Averaged intensity values of pixels aligned to each angle for P21 WT (n=5) and Eln+/(n = 7) aorta. An angle of 90 is aligned axially, while 0 is circumferential. Both genotypes show a
preferred angle of collagen alignment near 20 degrees.
The average collagen intensity profiles for WT and Eln+/- P21 aorta also suggest that
collagen fibers are aligned at angles between circumferential and the axial direction (Figure 20).
The profiles for both genotypes here suggest a more circumferential alignment for collagen
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fibers at P21, with WT peaking at approximately 20 degrees and Eln+/- peaking at
approximately 10 degrees.

Figure 21 Averaged intensity values of pixels aligned to each angle for P07 WT (n=3) and Eln+/(n = 5) aorta. An angle of 90 is aligned axially, while 0 is circumferential. Collagen fibers in P07
WT show a preferred angle for 45 degrees.
At P07, the collagen intensity profile for Eln+/- aorta does not show any strong
association with a specific orientation (Figure 21). The profile for WT aorta suggests a relatively
stronger alignment with approximately 40 degrees; however sample size is quite small.

4.4 Discussion
4.4.1 Adventitial Collagen May Be Primarily Organized in Two Directions
The intensity profiles suggest that there may be two predominant orientations for
collagen. Though the differences in orientation are not significant due to the large variation
between individual samples, the result is similar to previous research. A recent study using
polarized microscopy to examine human abdominal aorta, common iliac, and thoracic arteries
found collagen fibers symmetrically arranged about the cylinder axis (Schriefl, Zeindlinger et al.
2012). Despite the large variation, it is clear from the confocal microscopy images and the
intensity profiles that arterial collagen fiber alignment in-vivo is more of a distribution rather
than at two discrete angles. This suggests that prior constitutive models (Holzapfel, Gasser et al.
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2000) which assumed discrete families of fibers make an oversimplification that may not
accurately reflect reality. Since then the model has been expanded to include a distribution of
fibers (Gasser, Ogden et al. 2006). With direct measurements of collagen distributions through
imaging methods, we can improve constitutive models to better approximate the real arterial
microstructure.

4.4.2 Collagen Fiber Orientation May Change With Postnatal Development
A previous study fitting a fiber-based microstructural constitutive model to
experimental data from WT and Eln+/- mice over postnatal development suggested that
collagen alignment changed with age (Cheng, Stoilov et al. 2012). The results here show
differences in adventitial collagen alignment in the mouse aorta at 7, 21, and 30 days after
birth. However, large variation between individual aorta within the same age and genotype
prevent the establishment of any conclusive trends. There has been little investigation in this
area, as much of the past focus has been on changes in collagen expression or remodeling in
response to stresses in artificial tissue constructs (Kim, Nikolovski et al. 1999; Seliktar, Black et
al. 2000). More recently, a study looking at the mechanical properties of common carotid
arteries in fibulin-5 null mice with dysfunctional elastic fiber formation found no changes in
collagen fiber alignment in adult mice aged 3 to 8 weeks in either wild-type or fibulin-5 null
mice (Wan and Gleason 2013). Since the collagen expression profile peaks early in development
at around P21 (McLean, Mecham et al. 2005), this suggests that the adventitial collagen
network remains stable and relatively unchanging once the mouse reaches adulthood. While
the results in this study are suggestive, it remains to be seen whether there is a concerted
change in collagen alignment during postnatal development in response to the changes in
hemodynamics and wall stresses experienced by smooth muscle cells of the arterial wall.
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4.4.3 Limitations
The method applied in this study only investigated collagen orientation within a 2D
projection of the entire adventitial wall. Older studies suggested differences in collagen
alignment in different layers of the wall (Finlay, McCullough et al. 1995; Wicker, Hutchens et al.
2008). The more recent study comparing WT and fibulin-5 null arteries found no difference in
collagen orientation with age or genotype, but also saw differences in fiber distribution through
the wall (Wan and Gleason 2013). The method used here only captured information on
adventitial collagen, which should be the primary contributor of collagen toward wall stress.
However, the amount of collagen in the medial layer is not negligible and differences in medial
collagen orientation could significantly change wall mechanics.
High variability and low sample size prevent any conclusive trends between collagen
fiber orientation and age or genotype. The intensity profiles suggest there might be differences
in collagen fiber orientation with age, however due to the large error bars from high variability
it is difficult to say whether the differences are real. The large variability stems from difficulties
in the experimental method, as most of the process is manually done and can introduce
variations between individual samples due to differences in experimental handling. While great
care was taken to minimize variability, differences in the amount of twist of the mounted
vessel, differences in the amount of connective tissue remaining on the vessel, or whether the
optical sections are truly tangent to the artery surface all affect the results. The process is also
quite long and laborious, and improvements could be made to automate some of the
procedure to add reliability and speed to the experimental protocol.
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5 Postnatal Mechanics in a Mouse Model with Pathological Vascular
Development

5.1 Background and Motivation
Previous research on genetically modified mice with reduced elastin has shown
increased vascular complications associated with increased vessel stiffness. Mice homozygous
for elastin deletion (Eln-/-) die within a few days of birth from vessel obstruction due to
proliferating SMCs (Li, Brooke et al. 1998). Haploinsufficient mice (Eln+/-) suffer from lifelong
hypertension, thinner elastic lamellae, and lower total elastin (~50%), but survive with normal
life spans (Faury, Pezet et al. 2003). Mechanical testing on Eln+/- arteries showed stiffer vessels
with higher circumferential stress, smaller diameters, and higher vessel tortuosity (Wagenseil,
Nerurkar et al. 2005). Residual strain was also found to be higher, which offset the higher
stresses to produce a vessel wall that operated near wild-type physiological values.
Another genetically modified mouse (hBAC-mNULL) was produced by introducing the
human elastin gene through a bacterial artificial chromosome into the elastin knockout mouse
to rescue the lethal phenotype. This mouse showed increased severity of vascular
complications compared to Eln+/- mice and had reduced survival rates and life expectancy
(Hirano, Knutsen et al. 2007). Arteries from hBAC-mNULL mice had very thin and discontinuous
elastic lamellae, further reduced vessel elastin content (one-third of WT levels), elevated
collagen content, further increased blood pressure, and increased heart weights. Unloaded
vessel thickness was significantly increased, which is in contrast to Eln+/- arteries that had no
difference compared to WT (Wagenseil, Nerurkar et al. 2005; Hirano, Knutsen et al. 2007). This
suggested a difference in remodeling response to elastin insufficiency, with Eln+/- mice able to
adapt and survive and hBAC-mNULL mice succumbing to pathological remodeling pathways
that reduce survival outcomes.
During development, elastin and collagen production generally begins at the onset of
blood circulation within the embryo, during a time with the most significant changes in blood
pressure. Based on gene expression data in the mouse, elastin production begins at embryonic
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day (E) 14 and peaks at around postnatal day (P) 14 (Kelleher, McLean et al. 2004). By P30,
elastin expression has essentially ceased and remains so in the adult mouse. This pattern was
confirmed when quantifying elastin and collagen amounts during mouse development (Cheng,
Stoilov et al. 2012). In Eln+/- mice vessel stiffness was significantly higher at P7 prior to
increased blood pressure observed at P14 suggesting that arterial stiffness preceded increases
in blood pressure (Le, Knutsen et al. 2011).
This chapter explores how deep reductions in elastin affect vessel mechanics of hBACmNULL mice, particularly during the postnatal development period where ECM proteins are
highly expressed. Mechanical inflation-extension tests at different stretch lengths and pressures
were performed on hBAC-mNULL aortas and left common carotid arteries at P7, 14, 21, and 30.
Information on body weight, artery dimensions, circumferential stress, axial stretch, and
residual strain was acquired. The experimental data was then fit to the fiber-based
microstructural constitutive model introduced in Chapter 3.

5.2 Methods
5.2.1 Mechanical Testing
Transgenic hBAC-mNULL mice expressing the human elastin gene through a BAC clone
were used in this study (Hirano, Knutsen et al. 2007). Male hBAC-mNULL mice from postnatal
day (P) 7, 14, 21, and 30 were weighed and the hearts, aortas, and left common carotids
removed for testing. Hearts were blotted to remove excess blood, weighed, and normalized to
total body weight for each mouse. Arteries were stored in PSS at 4°C for 0-3 days before testing
(Amin, Kunkel et al. 2011). Mechanical testing was conducted as previously reported for studies
on wild-type and Eln+/- mice (Wagenseil, Nerurkar et al. 2005; Le, Knutsen et al. 2011; Cheng,
Stoilov et al. 2012). Ascending aortas and left carotids were mounted using surgical suture onto
metal cannulae of a pressure arteriograph. The arteriograph measured axial force and lumen
pressure while vessel diameter was tracked using software and an optical camera mounted to
an inverted microscope. Mechanical testing consisted of six protocols with three inflation tests
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at fixed length and three extension tests at fixed pressure. A table of values for each test can be
seen in Table 2.

Constant length inflation protocols:

Constant pressure axial
stretch protocols:

Age

Max P

Wait

Step P

Typical

(days)

(mmHg)

time

(mmHg)

axial

axial

stretch

stretch

(sec)
7

120

8

12

1.05, 1.2,

P (mmHg)

Typical

25, 50, 75

1.05 – 1.35

30, 60, 90

1.05 – 1.35

40, 80, 120

1.05 – 1.35

50, 100, 150

1.3 – 1.6

1.35
14

140

9

14

1.0, 1.15,
1.35

21

160

10

20

1.05, 1.2,
1.35

30

175

12

25

1.3, 1.5,
1.6

Table 2 Mechanical test protocols for different aged hBAC-mNULL specimens. Inflation
protocols were performed with three automated inflation cycles from 0 mmhg to the maximum
amount for the age in discrete pressure steps (step P) after a short waiting period (wait time) to
allow the vessel to equilibrate. Axial stretch protocols were performed by cyclically manually
lengthening the vessel from minimum to maximum stretch ratios at a constant rate (about 20
µm/sec).
For the fixed length inflation tests, the aorta was cyclically inflated stepwise to a
maximum pressure of 90-175mmhg (depending on postnatal age) three times. The inflation
rate is about 1-2mmhg, which is considerably lower than physiological loading rate of the adult
mouse. Previous testing using this model arteriograph has shown that the mechanical behavior
of mouse arteries does not change with loading rates produced by the machine (Faury, Maher
et al. 1999; Faury, Pezet et al. 2003). For the fixed pressure extension tests, the artery was held
at constant pressure while axial length was slowly increased by manually turning a micrometer
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controlling cannula axial position at a rate of 20um/sec starting from in-vivo length to a
maximum of 1.3 times the in-vivo length.
The in-vivo length was determined as the length at which axial force remained constant
or decreased slightly (<2mN) with increased pressure. To measure the in-vivo length, vessels
were first mounted at their unloaded length and the micrometer reading was noted. An image
of the vessel was captured and the distance between sutures was measured using ImageJ to
obtain the unloaded length in µm. The vessel was then inflated to maximum protocol pressure
and slowly extended until axial force remained constant or decrease slightly with repeated
inflation. This was taken as the vessel in-vivo length. The difference in micrometer reading at invivo length and unloaded length was added to the unloaded length (measured from ImageJ) to
produce the final in-vivo vessel length in µm. The in-vivo stretch ratio (λz) was calculated by
dividing the in-vivo length by the unloaded vessel length.
After mechanical testing, the vessels were removed, placed into PSS, and cut into rings
approximately 0.2mm in thickness to determine unloaded vessel diameter and thickness using
ImageJ analysis. Residual strain represented by opening angle measurements were determined
as previously described (Wagenseil, Nerurkar et al. 2005). The artery rings used for measuring
unloaded vessel diameter and thickness were cut radially and allowed to equilibrate. An image
of the cut rings was taken and the opening angle was analyzed using custom written code in
Matlab R2010b. The opening angle was defined as the angle formed between lines connecting
the midpoint of the inner circumference of the ends of the ring (Chuong and Fung 1986; Fung
1993).
Using the assumptions of incompressibility, no shear, and cylindrical shape, the mean
arterial wall stresses can be calculated from experimentally measured values using the
relations:
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where P is the internal pressure, f is the measured axial force, ri is the inner radius and ro is the
outer radius of the inflated aorta. The inner radius was not measured directly but was
calculated by:
 R 2  Ri 2 
ri  ro2   o
,
 z


where Ro and Ri are the inner and outer radii of the unloaded aorta, and λz is the axial stretch.
The stretch ratios in each direction (r = radial, θ = circumferential, and z = axial) are defined by:
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where r and R are the radii of the deformed and undeformed configurations, and l and L are the
axial lengths in the deformed and undeformed configurations.

5.2.2 Constitutive Model
The constitutive model introduced in chapter 3 using the penalty function as a
constraint was used to fit the experimental data. The original constraints were found to be too
restrictive to obtain reliable solutions for the model parameters, so the constraint on collagen
was dropped. Parameter analysis was not performed because the model fit was found
unsatisfactory.

5.2.3 Statistics
Statistical analysis was performed using IBM software SPSS Statistics 17.0 with
significance level at P<0.05. A general linear model (GLM) was used to determine the effects of
age and genotype on weight, arterial dimensions, and arterial mechanical properties.
Comparison across genotypes at each age group was made using one-way ANOVA with Tukey
HSD post-hoc analysis to determine specific differences between genotypes. Outliers more than
2 SDs away from the mean were not included in statistical analysis. Four ascending aortas were
removed from analysis. Two were removed for erroneous axial force readings, while two were
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removed for abnormally large diameter readings during inflation testing. Four left carotids were
removed from analysis for abnormally large diameter readings during inflation testing or
erroneous unloaded diameter measurements. Outliers in mechanical testing data may be
caused by improperly cleaned vessels throwing off diameter readings during testing or
improperly tied vessels shifting position during testing. Unloaded dimensions are determined
from photographs taken of cut rings, and outliers could be the result of unfocused images
causing error during ImageJ analysis.

5.3 Results
5.3.1 hBAC-mNULL Show Altered Development

Figure 22 Total body weight is significantly lower in hBAC-mNULL compared to WT at P30 and
Eln+/- at P21 (A). Heart weight to body weight ratio is significantly elevated in hBAC-mNULL
mice every age. (B)
Total body weight and heart weight to body weight ratio varied significantly with age
(P<0.001) and genotype (P<0.001) with significant interaction between age and genotype
(P<0.001). Body weights changed with age resulting in hBAC-mNULL mice being significantly
lighter at P30. There was no significant difference in body weight at P7 (Figure 22a), but by P14,
WT average body weight was 7.8% higher than hBAC-mNULL with significance P<0.05. At P30
both wild-type and Eln+/- average body weights were over 50% heavier than hBAC-mNULL
(P<0.005). Heart weight to body weight ratios were significantly elevated in hBAC-mNULL mice
at all ages compared to WT (P<0.01) and Eln+/- (P<0.001) (Figure 22b).
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Figure 23 Unloaded aortic diameter is significantly lower in hBAC-mNULL mice compared to WT
at P21 (P<0.05) (A). Wall thickness is significantly increased in hBAC-mNULL aorta at all ages
compared to WT (P<0.001) and Eln+/- (P<0.001) (B). Opening angle is not significantly different
between the three genotypes (C).
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Unloaded arterial diameter was also significantly affected by genotype and age (Figure
23a). The unloaded outer diameter of the aorta varied significantly with age and genotype
(P<0.001), with no significant interactions. The aortic unloaded outer diameter in hBAC-mNULL
mice were significantly smaller than wild-type at P7, P21, and P30 (P<0.05), while there was no
significant differences between unloaded aortic diameters of hBAC-mNULL and Eln+/- mice. In
the left carotid, unloaded diameter significantly varied with genotype (P<0.001) and age
(P<0.001) with no significant interactions (Fig S1a). Unloaded diameters were only significantly
smaller in hBAC-mNULL left carotids at P21 compared to wild-type (P<0.01) with no significant
differences at other ages.
Aortic wall thickness varied significantly with genotype (P<0.001) and age (P<0.001) with
no significant interactions (Fig2b). At all ages P7 through P30, hBAC-mNULL mice had
significantly thicker aortic walls than Eln+/- (P<0.001) and wild-type (P<0.001) mice. The same
results are observed in the left carotid where wall thickness varied significantly with genotype
(P<0.001) and age (P<0.001) with no significant interactions and left carotid vessel wall
thickness in hBAC-mNULL mice were significantly larger compared to Eln+/- (P<0.001) and wildtype (P<0.001) mice at all ages (Fig S1b). There was no significant difference in the aorta in-vivo
stretch ratio but in contrast, the left carotid in-vivo stretch ratio was significantly lower
beginning at P14 through P30 in hBAC-mNULL mice compared to Eln+/- (P<0.01) and wild-type
(P<0.05) mice (Fig S2c). There were no significant differences in aortic opening angles between
genotypes at any age (Figure 23c).
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5.3.2 Arterial Compliance

Figure 24 Pressure-diameter curves for hBAC-mNULL, wild-type, and Eln+/- aorta at each age.
Aorta diameters for hBAC-mNULL aorta are significantly smaller than wild-type at nearly all
ages.
The diameter of the ascending aorta varies significantly with pressure (P<0.001) and
genotype (P<0.001) with significant interactions between pressure and genotype (P<0.01).
Comparing pressure-diameter curves between genotypes at each age (Figure 24) show aortic
diameters of hBAC-mNULL mice are significantly smaller than wild-type (P<0.01) at nearly all
pressures. At Eln+/- systolic pressure, aortic diameter in hBAC-mNULL mice are significantly
smaller than wild-type at all ages (P<0.01). Aortic diameters of hBAC-mNULL mice are also
significantly smaller than Eln+/- (P<0.01) mice beginning at around five pressure steps above
zero. Similar pressure-diameter curves are shown for all left common carotid arteries in
Supplemental Figure 7. The diameter of the left common carotid varies significantly with
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pressure (P<0.001) and genotype (P<0.001) with significant interactions between age and
genotype after P21 (P<0.001). Carotid diameters show significant differences after P21 and P30,
where there hBAC-mNULL diameters are significantly lower than wild-type at just below Eln+/systolic pressures (P<0.001). Aortic compliance is shown in Figure 25. Compliance is significantly
affected by pressure (P<0.001) and genotype (P<0.01) with significant interaction between
pressure and genotype (P<0.001). At most pressures in the physiological range at each age,
hBAC-mNULL compliance is significantly lower than wild-type or Eln+/-.

Figure 25 Compliance curves for hBAC-mNULL, wild-type, and Eln+/- aorta at each age.
Compliance for hBAC-mNULL aorta rapidly drops and is significantly lower than wild-type or
Eln+/- for most pressures at nearly all ages.

71

5.3.3 Stress-strain Behavior is Highly Nonlinear

Figure 26 Stress-strain curves for wild-type, Eln+/-, and hBAC-mNULL aorta at each age. The
wild-type and Eln+/- curves are similar for most ages while hBAC-mNULL curves are very
different and highly nonlinear.
Aortic stress-strain curves for each age and genotype are shown in Figure 26. With the
exception of P21, the stress-strain curves for Eln+/- and wild-type aorta are quite similar. The
curves for hBAC-mNULL mice are substantially different from wild-type or Eln+/- and show
exaggerated nonlinear behavior at all ages. The curves for hBAC-mNULL mice resemble those of
pure collagen or elastase-treated vessels. Similar stress-strain curves for left carotids are shown
in Supplemental Figure 8. The carotids of hBAC-mNULL mice at P7 and P14 show more similar
stress-strain behavior to the other two genotypes. This similarity diverges at P21 and P30, but
still remains closer to wild-type behavior than the aorta does respectively.
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5.3.4 Constitutive Model Predictions

a

b

Figure 27 Experimental data (exp data) and model predictions (pred data) for the three
constant length inflation and three constant pressure axial stretch mechanical test protocols for
a representative P30 hBAC-mNULL aorta (a). Circumferential stress versus circumferential
stretch ratio for the inflation cycle at the in vivo length for the same representative aorta
showing experimental stress (exp), total predicted stress (total), and the predicted stress
contributions of each constituent (elastin, collagen, and SMCs) (b). Penalty function was
modified to only constrain elastin. The model overestimates stress values compared to
experimental data.
When applying the constitutive model to the hBAC-mNULL mechanical data, the
predicted stresses and diameters are overestimated. The original penalty function was initially
used to constrain the model, but the solving algorithm was unable to converge to a solution for
the model parameters. The penalty function was then modified to remove the constraint on
collagen contribution to circumferential stress to obtain the results shown in Figure 27. The
stress predictions from the model exceed the measured experimental values due to the penalty
function requiring a minimum contribution from elastin. Relaxing the constraints by lowering
the minimum contribution improves the model fit at the cost of the ability to directly compare
model parameter results across the three genotypes.

5.4 Discussion
Elastin insufficiency in humans is associated with increased arterial stiffness,
supravalvular stenosis, and increased blood pressure (Olson, Michels et al. 1993; Ewart, Jin et
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al. 1994). Mouse heterozygous for the elastin gene (Eln+/-) were found to be similar with
increased arterial stiffness and blood pressure (Faury, Pezet et al. 2003). However the mouse
lacked arterial stenosis and did not show significant changes in life expectancy. Further
reductions in elastin amount with hBAC-mNULL mice captured the medial arterial stenosis and
arterial thickening associated with hypertension, indicating that hBAC-mNULL mice serve as a
better mouse model of human congenital elastin insufficiency (Hirano, Knutsen et al. 2007).
This study investigated the arterial mechanical properties of this new transgenic mouse with
greater detail to observe the temporal relationships between arterial mechanics and
pathological remodeling.

5.4.1 Physiology and Artery Morphology Differences
Changes to mouse physiology and morphology of the ascending aorta were found by P7,
the earliest time point in this study. As previously reported, the heart to body weight ratio was
significantly increased. This indicates that heart function in hBAC-mNULL mice is compromised
during postnatal development. Total body weight in 3 month old adult hBAC-mNULL mice was
previously reported to have no difference compared to WT and Eln+/- (Hirano, Knutsen et al.
2007), yet at P30 hBAC-mNULL mice were still significantly lighter than the other two
genotypes. This suggests a slower growth phase in hBAC-mNULL mice. Changes in arterial
dimensions in Eln+/- mice was also previously found to suggest altered growth rate (Le, Knutsen
et al. 2011), suggesting a link between elastin insufficiency and delayed growth. However it is
unclear whether this may be the result of altered hemodynamics or cardiac function in these
mice. The unloaded diameters of the ascending aorta of hBAC-mNULL mice shared a similar
growth pattern to Eln+/- with significant reductions by P21, as previously reported (Le, Knutsen
et al. 2011). Although temporal data of elastin mRNA expression in hBAC-mNULL mice is not
available, this coincides well with peak elastin expression of WT and Eln+/- mice (Kelleher,
McLean et al. 2004). A major distinction in the unloaded aortic dimensions of hBAC-mNULL
mice is the increased wall thickness compared to WT and Eln+/-, which indicates a pathological
remodeling response to the elevated blood pressures. This agrees with histological data taken
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previously from 3 month old adult mice (Hirano, Knutsen et al. 2007). This difference is found as
early as P7 in this study, but previous work on embryonic arteries found no significant
differences between WT and Eln+/- arteries at E18 (Wagenseil, Nerurkar et al. 2005). This
suggests that the divergence in developmental response occurs somewhere between E18 and
P7. While measurements of unloaded aorta and carotid lengths are not available, hBAC-mNULL
artery lengths were qualitatively observed to be longer and more tortuous than WT or Eln+/mice at every age. The decreased in-vivo length of hBAC-mNULL carotids demonstrates that
these arteries experience less axial tension in-vivo.

5.4.2 Mechanical Properties
Previous studies comparing WT and Eln+/- mice showed elevated blood pressure in
Eln+/- mice by P14 (Le, Knutsen et al. 2011). This difference in blood pressure came after a
measurable difference in pressure-diameter and artery compliance relationships at P7,
indicating that changes in artery mechanical properties preceded significant changes in systolic
blood pressure (Le, Knutsen et al. 2011). It was observed that the pressure-diameter curves of
Eln+/- aorta were similar enough to WT that the increased systolic blood pressure allowed
these arteries to function at close to WT diameters. The current study on hBAC-mNULL mice
shows significantly reduced outer diameters in the physiological pressure range during inflation
testing compared to both WT and Eln+/- arteries beginning at P7. While the exact systolic
pressures at each time point are not known, hBAC-mNULL mice were previously reported to
have significantly elevated blood pressures even over Eln+/- mice, which are already elevated
over WT (Hirano, Knutsen et al. 2007). Even at systolic pressures associated with Eln+/- mice,
the hBAC-mNULL aortas are significantly lower than WT at every age, and significantly smaller
than Eln+/- at P30. Similar pressure-diameter trends are observed in the left common carotid as
well, although no significant differences in hBAC-mNULL carotid diameters were seen until P21
and later. This is not unexpected, as carotid arteries are known to have less elastin compared to
the aorta so any difference in elastin expression should affect the carotid less (Wagenseil,
Nerurkar et al. 2005). This suggests that increased blood pressure may possibly be a method in
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which Eln+/- mice are able to achieve normal vessel diameter, but this does not work in hBACmNULL mice. Thus cardiac output and shear stress values at physiological pressures may be
significantly altered compared to WT, which could result in the pathological development
observed in hBAC-mNULL mice.
As the mouse grows larger, blood pressure rises and peak compliance for arteries
increases to match the average physiological blood pressure. Previously, peak compliance for
WT and Eln+/- aorta and carotid were found to match the systolic blood pressure during
development fairly well (Le, Knutsen et al. 2011). However the peak compliance for hBACmNULL aorta and left common carotid arteries occurs very early in the compliance curve, within
one or two pressure steps above zero. This is far below the physiologic pressure range for even
WT mice, and combined with the severe hypertension found in hBAC-mNULL mice, these
arteries are operating far outside their peak compliance range in-vivo. The significant difference
in material properties and compliance behavior of hBAC-mNULL arteries compared to WT and
Eln+/- may be an explanation for the developmental remodeling response observed in hBACmNULL mice. Taken together, the difference in vascular phenotype between these three
genotypes suggests an elastin dose-dependent developmental phenotype where below a
certain amount pathological remodeling occurs.

5.4.3 Stress-Strain Behavior
The stress-strain curves for hBAC-mNULL mice are significantly different compared with
WT or Eln+/-, showing much greater nonlinearity. The circumferential stress values remain fairly
low for hBAC-mNULL aorta due to the significantly smaller diameters observed in these vessels.
The hBAC-mNULL aorta behaved as a significantly stiffer material with stress not increasing
much during the initial stages of stretching only to have stress increase sharply at high strain
values, which is consistent with the stress-stretch behavior of highly collagenous tissue
(Münster, Jawerth et al. 2013). In contrast the WT and Eln+/- aorta had much more gradual
increase in stress with stretch. This behavior was observed in the left carotids as well, though
like in the aorta, hBAC-mNULL carotids did not significantly differ in stress-strain behavior until
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after P21. The behavior of WT and Eln+/- arteries were previously reported and found to
compare well with earlier studies (Wagenseil, Nerurkar et al. 2005; Carta, Wagenseil et al. 2009;
Le, Knutsen et al. 2011). These results show that hBAC-mNULL arteries display significantly
different material properties, which may be a factor in the development of pathological
remodeling observed in hBAC-mNULL mice and some human patients with elastin insufficiency.

5.4.4 Constitutive Modeling
When the penalty function from the WT and Eln+/- study (chapter 3) was used to
constrain the model, the solver was unable to converge to a solution when attempting to fit the
experimental data. This is likely because the constraints applied are too restrictive, as relaxing
the constraint by removing the minimum contribution of collagen to circumferential stress
improved the fit enough for an estimate for the best fit parameters. However, the model
predicted circumferential stresses are unacceptably higher than the experimentally calculated
values. It is notable that despite having no constraints on collagen, the model shows significant
stress contribution from collagen. This is possibly because at high pressures the isotropic
equation representing elastin is unable to describe the high stress values measured. Lowering
the model constraints improves the model fit and would be biologically justifiable as hBACmNULL arteries contain significantly less elastin than WT or Eln+/-, but we were unable to find
any useful comparisons between the constitutive parameter results for the different genotypes.
Further work in this area is needed to identify possible new constraints that could yield useful
comparisons between the mouse models of normal, adaptive, and pathological development.

5.4.5 Limitations
Blood pressure measurements were not available at the time these experiments were
carried out. Hypertension has been shown to be a prevailing phenotype associated with elastin
insufficiency. Humans with William’s Syndrome have reduced elastin and hypertension (MeyerLindenberg, Mervis et al. 2006). In mouse studies hypertension is closely associated with
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reduced vascular elastin content (Wagenseil, Nerurkar et al. 2005) and vascular pathological
development (Hirano, Knutsen et al. 2007). Induced hypertension via renal artery clipping was
found to result in pathological vascular remodeling in adult mice (Wagenseil, Knutsen et al.
2007). Prior to measurable changes in vessel mechanics, blood pressure was found to be
already significantly increased in Eln+/- mice (Le, Knutsen et al. 2011). Work is ongoing to
measure blood pressure during postnatal development in hBAC-mNULL mice. While these
values are not available currently, this study provides valuable insight into the temporal
relationships between arterial mechanics and elastin content in a mouse model with
pathological development. Further work is also needed to identify better constraints to obtain
useful results from fitting the constitutive model to the hBAC-mNULL experimental data.

6 Conclusions and Future Directions
The purpose of this dissertation was to investigate the mechanical roles of the ECM in
arterial development in greater detail using constitutive modeling. Using the modeling results
as a guide, further experiments were performed to investigate the arterial microstructure
during development. Much work was done previously to characterize the compliance of
ascending aorta and left common carotids of WT and Eln+/- mice through inflation-extension
tests. The experimental difficulty in separating the contributions of individual ECM proteins,
such as elastin and collagen, toward mechanical function and wall stress made it difficult to
compare.
Chapter 3 described the results of a fiber-based, microstructural model applied to
mechanical data from WT and Eln+/- mice. A number of trends were observed in the model
that matched what is previously known about these genotypes and matched the measured
changes in protein amounts. The model parameters increased with age in a fashion that
mirrored gene expression data for elastin and collagen. In mice, expression levels for these
matrix proteins are highly elevated at birth and persist until around P21, after which they
reduce down to zero (McLean, Mecham et al. 2005). The model also predicted greater
contributions toward circumferential stress by elastin in the WT versus Eln+/- mice as shown by
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a reduction in the elastin model parameter c1 and calculated stress values at physiological
pressure. This was confirmed by reduced levels of elastin protein in the Eln+/-aorta. Despite this
difference in elastin contribution, total circumferential stress was similar between WT and
Eln+/- due to increased stress contribution from collagen. Measured collagen levels were not
different, suggesting that the difference in stress was due to collagen fiber organization. The
model predicted collagen fibers would shift to a more circumferential orientation as the mouse
aged. This increased the contribution of collagen toward circumferential stress, possibly as a
response to the increasing blood pressure with age. This circumferential reorientation was
more pronounced in Eln+/- mice.
The predicted collagen reorientation was further investigated in chapter 4, where
adventitial collagen fiber orientation was quantified in ascending aorta of WT and Eln+/- mice
at ages P7, 21, and 30. While the study failed to show any specific trends in collagen fiber
reorientation, the intensity histograms all show a distinctive shape involving two peak regions
suggesting that the adventitial collagen may be predominantly aligned along two angles. The
intensity profile is also quite different between the age groups, though no specific trend was
identified. This could be the due to experimental error, individual differences, or imaging
artifacts. Despite these issues, the large variation and diffuse nature of the peaks clearly
demonstrate that collagen fiber orientation may actually be a distribution of angles rather than
all being aligned to a specific fixed angle as some constitutive models assume (Holzapfel, Gasser
et al. 2000).
Finally, chapter 5 showed remarkable differences in mechanical behavior and phenotype of
the hBAC-mNULL mouse, a transgenic mouse with about 30% arterial elastin compared to WT.
These mice were found to have lower body weight, increased heart weights, and thickened
aortic walls as early as P7, suggesting very early developmental differences that resemble
pathological responses to hypertension. In contrast to the ascending aorta of Eln+/- mice, which
were able to achieve working diameters at physiological pressure similar to WT due to an
increase in systolic blood pressure, hBAC-mNULL mouse aorta had much smaller diameters
where no amount of pressure increase could cause diameters to reach WT levels. Compliance,
when measured as the slope of the pressure-diameter curve, was significantly reduced in these
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mice compared to WT or Eln+/-. The stress-strain curves for hBAC-mNULL mice are highly
nonlinear and show similarities to stress-strain curves of pure collagen constructs or of arteries
that have been treated with elastase to remove the elastin contribution and are less
representative of elastic arteries. The model in chapter 3 that worked well in predicting elastin
and collagen stress contributions in WT and Eln+/- arteries was not capable of fitting the highly
nonlinear behavior of the hBAC-mNULL aorta.
To summarize, this dissertation has characterized the mechanical behavior of large
arteries in three separate genotypes of mice with different amounts of elastin. The results show
a dose-dependent phenotype of pathological arterial remodeling with reduced elastin. There
appears to be a critical amount of elastin required in large arteries to achieve the required
mechanical properties for proper function. This is demonstrated by the ability of the Eln+/mouse to adapt to hypertension and the inability of the hBAC-mNULL mouse to avoid
pathological remodeling responses that ultimately lead to cardiovascular complications. A
constitutive model that predicts the mechanical behavior based on elastin amount was
developed for WT and Eln+/- arteries to describe normal and adaptive postnatal development.
This same model must be further modified to apply to mechanical behavior in pathological
development.
Future work will involve improving the constitutive model so that it may be more
accurate in describing the mechanical behavior of vessels in pathological development. Though
the model in this study was capable of predicting the mechanical behavior of vessels during
normal (WT) and adaptive (Eln+/-) development at different time points, it was not able to
accurately predict the mechanics of pathological development (hBAC-mNULL). Moving forward,
the next step will be to identify better models that can more accurately predict the mechanical
behavior of pathological vessels. Models that include collagen engagement (Zulliger, Fridez et
al. 2004) or a distribution of fiber angles (Holzapfel, Sommer et al. 2005) should be investigated
to see if they provide better insight into the mechanical behavior of pathologically remodeled
vessels. Additional work also needs to be done in quantifying collagen orientation. Currently,
the method for measuring collagen fiber angles comes with high variation due to experimental
difficulties and inconsistencies during acquisition. Using a multiphoton imaging system with
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higher resolution may provide cleaner images for orientation analysis. A more developed
experimental setup providing more consistency in vessel orientation and location during
imaging may also help in reducing variability between samples. Additional arteries to increase
the sample size may also help to show trends with age or genotype. Within a greater context,
accurate constitutive models provide a customizable and flexible tool for predicting tissue
behavior under a variety of loading conditions. This allows for the generation of valuable
quantitative data to aid in the design of biomaterials in tissue engineering, aid in predicting
patient outcomes after surgical interventions or device implants, and aid in understanding
disease progression especially in cases altering the biomechanical properties of load-bearing
tissue.
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Appendix A: Supplemental Figures and Tables
Supplemental Table 1 Unloaded dimensions, in vivo axial stretch ratio and fitted parameters for each
individual aorta. Mean and SD are shown for each age and genotype. P values are shown for WT and Eln+/compared by unpaired, two-tailed t-tests with unequal distributions. Significant P values are highlighted in
italics. GT = genotype, ID = animal ID number, Unl OD = unloaded outer diameter, Unl ID = unloaded inner
diameter, IV λz = in vivo axial stretch ratio.
Age
P3

GT
WT

Mean
SD
Eln+/-

ID
1
2
3
4
5
6

1
2
3
4
5

Mean
SD
P
P7

WT

Mean
SD
Eln+/-

1
2
3
4
5
6
7
8
9

1
2
3
4
5
6
7

Mean
SD
P
P14

WT

1
2

Unl OD
(μm)
471
501
467
459
451
413
460
28.6
406
443
405
487
388
426
39.6
0.15

Unl ID
(μm)
337
374
285
283
289
266
306
41.0
267
281
253
304
231
267
27.8
0.10

1.13
1.00
1.00
1.19
1.04
1.05
1.07
0.08
1.07
1.09
1.23
1.10
1.19
1.14
0.07
0.16

c1 (kPa,
elastin)
8.08
8.69
4.71
6.31
4.84
3.85
6.08
1.96
4.44
5.87
8.03
3.70
2.63
4.93
2.09
0.38

c2 (kPa,
collagen)
23.19
18.04
22.46
14.78
14.01
9.26
16.95
5.35
6.69
45.25
13.41
13.98
10.99
18.06
15.46
0.88

c3
(collagen)
0.14
0.63
0.81
0.11
2.35
1.00
0.84
0.82
1.03
0.00
0.00
0.43
0.10
0.31
0.44
0.21

α (deg,
collagen)
50.81
38.82
53.74
47.12
53.34
55.77
49.93
6.20
58.11
61.87
52.47
59.75
64.09
59.26
4.41
0.02

c4 (kPa,
SMC)
0.0E+00
0.0E+00
0.0E+00
0.0E+00
1.1E-06
0.0E+00
1.8E-07
4.3E-07
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
3.6E-01

c5
(SMC)
0.09
1.52
0.00
0.14
4.91
0.00
1.11
1.95
0.50
0.04
0.08
0.00
0.10
0.14
0.20
0.28

R
0.70
0.28
0.47
0.57
0.32
0.85
0.53
0.22
0.72
0.50
0.51
0.63
0.65
0.60
0.10
0.50

619
561
585
580
500
561
625
587
508
570
43.2
517
608
550
536
500
471
485
524
46.4
0.06

449
390
384
403
333
376
436
372
336
387
39.5
357
418
371
362
300
293
278
340
50.7
0.07

1.00
1.12
1.04
1.10
1.18
1.24
1.12
1.14
1.21
1.13
0.08
1.12
1.13
1.05
1.18
1.08
1.19
1.03
1.11
0.06
0.64

10.23
9.49
7.91
10.19
7.57
8.95
11.60
7.37
8.52
9.09
1.41
7.13
7.19
5.13
5.07
4.64
5.86
4.56
5.65
1.11
8.7E-05

32.12
21.15
25.59
26.90
14.01
14.35
28.38
15.98
16.93
21.71
6.75
21.96
19.80
17.36
9.22
20.94
15.21
43.18
21.10
10.65
0.90

2.39
0.15
0.00
0.10
0.30
0.19
0.17
0.26
0.18
0.42
0.74
0.68
0.58
0.89
0.82
0.83
0.46
0.36
0.66
0.20
0.37

49.91
47.67
52.21
50.48
56.13
48.25
43.89
50.18
52.98
50.19
3.48
54.29
47.13
54.74
51.20
56.81
54.33
61.45
54.28
4.45
0.07

0.0E+00
0.0E+00
1.9E-04
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
2.1E-05
6.3E-05
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
3.5E-01

8.52
0.00
0.00
0.00
0.09
0.05
0.00
0.64
0.13
1.05
2.81
0.00
0.49
0.04
0.18
0.24
0.00
0.25
0.17
0.18
0.38

0.55
0.70
0.52
0.63
0.77
0.64
0.62
0.71
0.70
0.65
0.08
0.57
0.44
0.66
0.68
0.65
0.59
0.56
0.59
0.08
0.19

590
697

423
539

1.00
1.00

12.01
16.65

33.43
60.95

0.98
0.78

53.94
52.52

0.0E+00
0.0E+00

0.77
1.46

0.75
0.81

IV λz
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2

3
4
5
6
7
8
9
10

822
831
653
805
864
893
722
738
762
97.4
709
733
562
755
784
781
706
645
709
74.9
0.22

626
639
446
606
666
680
524
519
567
90.1
510
537
383
543
566
560
498
427
503
65.8
0.10

1.23
1.39
1.07
1.09
1.06
1.17
1.24
1.09
1.13
0.12
1.19
1.04
1.03
1.20
1.10
1.19
1.20
1.13
1.14
0.07
0.98

21.97
21.90
10.98
18.26
20.24
20.68
17.90
16.50
17.71
3.83
14.01
13.89
9.62
13.36
12.73
13.62
12.56
9.53
12.42
1.83
1.9E-03

46.43
27.18
29.82
38.46
47.53
38.42
26.60
29.09
37.79
11.28
29.20
33.79
34.35
21.20
31.27
21.52
16.29
18.56
25.77
7.18
0.01

0.21
0.26
0.30
0.35
0.12
0.15
0.09
0.74
0.40
0.31
0.43
1.40
0.70
0.55
0.62
0.52
0.66
0.36
0.66
0.32
0.11

39.01
36.94
51.84
44.36
41.96
41.37
42.42
37.98
44.23
6.26
45.67
48.59
56.36
45.93
50.42
41.56
46.98
46.92
47.80
4.30
0.17

0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
N/A

0.07
1.31
0.08
0.79
0.23
0.52
0.00
0.59
0.58
0.54
0.63
0.57
3.32
0.10
0.82
1.36
0.19
0.41
0.92
1.04
0.42

0.79
0.73
0.60
0.79
0.76
0.73
0.76
0.64
0.74
0.06
0.63
0.74
0.77
0.80
0.77
0.85
0.68
0.59
0.73
0.09
0.85

916
844
944
936
927
911
951
918
35.9
741
777
773
728
663
641
805
869
817
857
767
75.6
8.5E-05

708
680
746
743
716
694
737
718
25.6
548
595
579
542
464
435
600
649
603
625
564
68.7
2.9E-05

1.04
1.00
1.11
1.19
1.02
1.04
1.00
1.06
0.07
1.23
1.00
1.23
1.00
1.04
1.02
1.00
1.26
1.25
1.16
1.12
0.12
0.19

22.69
29.12
28.94
33.14
24.89
21.89
28.80
27.07
4.05
19.62
20.75
21.40
19.53
14.38
17.36
17.37
20.62
19.78
18.36
18.92
2.10
1.1E-03

70.64
55.37
53.51
45.58
82.06
47.71
68.43
60.47
13.49
44.12
71.72
42.64
58.98
59.70
71.68
60.17
21.96
32.02
35.34
49.83
17.10
0.17

0.00
0.48
0.36
0.27
0.36
0.38
0.11
0.28
0.17
0.02
0.00
0.00
0.56
0.11
0.43
0.00
0.13
0.00
0.06
0.13
0.20
0.12

50.02
44.41
38.77
32.04
46.60
41.98
34.49
41.19
6.49
50.88
49.52
45.90
51.23
58.11
57.87
51.19
45.93
44.40
51.43
50.65
4.65
0.01

0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
N/A

0.22
0.00
1.21
4.19
2.65
0.01
0.44
1.25
1.60
0.15
2.04
0.51
0.11
0.00
1.23
0.60
0.70
0.07
0.75
0.62
0.63
0.36

0.82
0.81
0.83
0.74
0.69
0.76
0.50
0.74
0.11
0.77
0.60
0.60
0.73
0.81
0.76
0.67
0.74
0.60
0.66
0.69
0.08
0.41

Mean

1020
878
950
877
991
999
953

787
646
763
687
803
826
752

1.14
1.00
1.06
1.00
1.00
1.06
1.04

23.02
17.03
25.52
32.01
35.37
20.75
25.62

57.91
77.74
55.83
80.47
94.44
44.63
68.50

0.11
0.09
0.08
0.26
0.05
0.09
0.11

50.25
54.89
47.47
43.11
41.65
47.45
47.47

0.82
0.12
0.25
0.03
0.78
2.10
0.68

0.81
0.87
0.66
0.71
0.73
0.69
0.74

SD

62.2

70.6

0.06

6.93

18.68

0.08

4.81

0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.00E+0
0

0.77

0.08

Mean
SD
Eln+/-

1
2
3
4
5
6
7
8

Mean
SD
P
P21

WT

1
2
3
4
5
6
7

Mean
SD
Eln+/-

1
2
3
4
5
6
7
8
9
10

Mean
SD
P
P30

WT

1
2
3
4
5
6
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Eln+/-

1
2
3
4
5
6
7
8

963
874
757
820
879
834
901
852
860
60.7
0.02

738
633
552
597
637
623
658
636
634
52.9
0.01

1.00
1.26
1.09
1.28
1.12
1.00
1.04
1.00
1.10
0.11
0.26

25.91
16.65
17.50
19.45
17.61
16.57
17.91
17.15
18.59
3.09
0.06

106.08
28.61
39.09
31.43
33.12
73.84
53.33
74.93
55.05
27.64
0.30

0.70
0.10
0.09
0.07
0.12
0.24
0.29
0.10
0.21
0.21
0.24

45.42
46.87
46.94
44.98
48.59
53.78
47.67
53.69
48.49
3.43
0.67

0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
N/A

0.26
0.01
0.02
0.00
0.00
0.23
5.47
0.00
0.75
1.91
0.93

0.75
0.73
0.71
0.73
0.72
0.80
0.72
0.68
0.73
0.03
0.70

1
2
3
4
5
6
7
8

1033
989
1138
1130
1029
1017
1107
1077
1065
55.9
946
904
974
1005
968
966
925
925
952
32.9
4.0E-04

758
749
868
870
808
766
859
829
813
50.6
712
677
737
765
740
722
712
693
720
27.8
8.1E-04

1.04
1.22
1.11
1.09
1.11
1.18
1.14
1.07
1.12
0.06
1.11
1.14
1.45
1.44
1.17
1.16
1.17
1.18
1.23
0.14
0.07

21.20
23.94
24.08
25.62
28.05
25.77
27.07
23.52
24.91
2.17
20.10
21.26
26.08
26.31
21.75
20.74
24.90
21.13
22.78
2.54
0.09

54.30
31.03
44.28
48.25
50.79
34.69
28.71
46.52
42.32
9.58
37.19
47.01
16.49
17.26
35.19
36.03
36.11
40.89
33.27
10.82
0.10

0.02
0.16
0.14
0.02
0.05
0.00
0.09
0.16
0.08
0.07
0.12
0.03
0.20
0.17
0.18
0.43
0.06
0.02
0.15
0.13
0.21

46.91
43.18
42.55
44.21
42.37
40.76
36.64
45.22
42.73
3.10
45.42
47.25
35.99
36.81
46.35
45.08
41.82
48.02
43.34
4.67
0.76

0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
N/A

3.95
0.55
0.78
0.00
0.08
0.54
0.18
0.02
0.76
1.32
0.68
1.26
0.60
0.13
4.52
0.07
1.53
0.42
1.15
1.45
0.58

0.72
0.70
0.77
0.71
0.76
0.70
0.67
0.76
0.72
0.04
0.71
0.68
0.75
0.69
0.74
0.77
0.64
0.63
0.70
0.05
0.33

Mean
SD
P
P60

WT

Mean
SD
Eln+/-

Mean
SD
P

1
2
3
4
5
6
7
8
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Supplemental Fig 1 Representative experimental data (exp data) and model predictions (pred data) for the
three constant length inflation and three constant pressure axial stretch mechanical test protocols for P3 (a,
b), P7 (c, d) and P14 (e, f) WT (a, c, e) and Eln+/- aorta (b, d, f). Pressure versus outer diameter (outer diam)
and axial stretch ratio are shown. The corresponding axial force data are shown in Supplemental Fig 3 and the
older ages are shown in Supplemental Figs 2 and 4.

85

Supplemental Fig 2 Representative experimental data (exp data) and model predictions (pred data) for the
three constant length inflation and three constant pressure axial stretch mechanical test protocols for P21 (a,
b), P30 (c, d) and P60 (e, f) WT (a, c, e) and Eln+/- aorta (b, d, f). Pressure versus outer diameter (outer diam)
and axial stretch ratio are shown. The corresponding axial force data are shown in Supplemental Fig 4 and the
younger ages are shown in Supplemental Figs 1 and 3.

86

Supplemental Fig 3 Representative experimental data (exp data) and model predictions (pred data) for the
three constant length inflation and three constant pressure axial stretch mechanical test protocols for P3 (a,
b), P7 (c, d) and P14 (e, f) WT (a, c, e) and Eln+/- aorta (b, d, f). Axial force versus outer diameter (outer diam)
and axial stretch ratio are shown. The corresponding pressure data are shown in Supplemental Fig 1 and the
older ages are shown in Supplemental Figs 2 and 4.

87

Supplemental Fig 4 Representative experimental data (exp data) and model predictions (pred data) for the
three constant length inflation and three constant pressure axial stretch mechanical test protocols for P21 (a,
b), P30 (c, d) and P60 (e, f) WT (a, c, e) and Eln+/- aorta (b, d, f). Axial force versus outer diameter (outer diam)
and axial stretch ratio are shown. The corresponding pressure data are shown in Supplemental Fig 2 and the
younger ages are shown in Supplemental Figs 1 and 3.

88

Supplemental Fig 5 Circumferential (circ) stress versus circumferential stretch ratio for the inflation cycle at
the in vivo length for P3 (a, b), P7 (c, d) and P14 (e, f) WT (a, c, e) and Eln+/- aorta (b, d, f). Experimental stress
(exp) and total predicted stress (total), as well as the predicted stress contributions of each constituent
(elastin, collagen and SMCs), are shown. For most ages, the elastin contribution is slightly lower, while the
collagen contribution is higher in Eln+/- aorta compared to WT. The predicted SMC contribution is minimal in
both genotypes. The older ages are shown in Supplemental Fig 6.

89

Supplemental Fig 6 Circumferential (circ) stress versus circumferential stretch ratio for the inflation cycle at
the in vivo length for P21 (a, b), P30 (c, d) and P60 (e, f) WT (a, c, e) and Eln+/- aorta (b, d, f). Experimental
stress (exp) and total predicted stress (total), as well as the predicted stress contributions of each constituent
(elastin, collagen and SMCs), are shown. The younger ages are shown in Supplemental Fig 5.

90

Supplemental Fig 7 Pressure-diameter curves for hBAC-mNULL, wild-type, and Eln+/- left
carotids at each age. Left carotids of hBAC-mNULL mice show no significant difference until
after P21, where they are smaller beginning at just below systolic pressures (P<0.001).

91

Supplemental Fig 8 Stress-strain curves for wild-type, Eln+/-, and hBAC-mNULL aorta at each
age. The exaggerated nonlinearity of hBAC-mNULL vessels is not as extreme in the left carotid.
The striking difference in curve shape at P07 could be due to experimental difficulty, as those
vessels approached the lower size limit of fitting onto the pressure myograph.
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